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Abstract 
 
 
Catalytic conversion of biomass-derived 
molecules 
PhD thesis by Hossein Salem S. Bayahia 
 
This study aimed to prepare, characterise and test the performance of heterogeneous 
catalysts in the conversion of biomass-derived molecules including deoxygenation of 
propionic acid in the gas phase and the Prins condensation of β-pinene with 
paraformaldehyde in the liquid phase. The surface area and porosity of catalysts were 
characterised by BET, water content and thermal stability by TGA, crystallinity by 
XRD and composition by ICP. The acidity of oxide catalysts was characterised using 
NH3 adsorption calorimetry and FTIR of adsorbed pyridine.  
High purity amorphous silicas and crystalline silicalite (MFI structure) were found to 
be active catalysts of the deoxygenation of propionic acid. Silicalite was prepared by the 
hydrothermal method. Silica and silicalite were treated with aqueous acidic (HCl) and 
basic (NH3+NH4NO3 (aq) or NH3 (aq)) solutions in a Teflon-lined autoclave. The reaction 
was carried out in a fixed-bed continuous flow reactor in the gas phase at 400-500 °C. A 
preliminary blank reaction showed a small contribution of homogeneous catalysis at 
500 °C, with 12% of propionic acid converted to form 3-pentanone. The chemical 
treatment did not affect silica activity; it showed only 85% selectivity with 39% 
conversion at 500 °C. HZSM-S zeolite (Si/Al = 180) possessing strong acid sites 
showed low catalytic activity at 400-500 °C and the main product was ethane. Silicalite 
had higher activity and selectivity of 3-pentanone than silica. Acidic treatment had little 
effect on catalyst activity, whereas basic treated silicalite was the most active catalyst in 
the deoxygenation of propionic acid at 500 °C, because silanol nests formed on the 
silicalite surface, acting as catalytically active sites for the reaction. Catalyst activity 
increased with increasing reaction temperature from 400-500 °C. Silicalite performance 
was stable for at least 28 h time on stream at 500 °C, with 84-92% of 3-pentanone 
selectivity at 93-80% conversion of acid.  
     Bulk Zn(II)-Cr(III) mixed oxides with a Zn/Cr atomic ratio of 1:1 – 20:1 were found to 
be active catalysts for the gas-phase ketonisation of carboxylic acids (acetic and 
propionic) to form acetone and 3-pentanone, respectively, at 300 – 400 oC and ambient 
pressure. Zn-Cr (10:1) oxide showed the best performance, significantly exceeding that 
of the parent oxides ZnO and Cr2O3. The catalytic activity was further enhanced by 
supporting Zn-Cr (10:1) oxide on TiO2 and γ-Al2O3. With 20%Zn-Cr/Al2O3, 
ketonisation of propionic acid occurred with 97% selectivity to 3-pentanone at 99% 
conversion at 380 
o
C, without catalyst deactivation observed during at least 24 h time on 
stream. Zn-Cr oxides were characterised by BET, XRD, DRIFTS of pyridine and acetic 
acid adsorption and microcalorimetry of ammonia adsorption. From DRIFTS, 
carboxylic acid adsorbed dissociatively on Zn-Cr oxide to form a surface metal 
ii 
 
carboxylate in bidentate bridging bonding mode. A mechanism for ketonisation of 
carboxylic acids via -ketoacid intermediate route was proposed.   
     Metal oxides such as Nb2O5, Cr2O3, and especially a Zn(II)-Cr(III) mixed oxide were 
demonstrated to be highly active and recyclable heterogeneous catalysts for Prins 
condensation, which provides a clean, high-yielding route for the synthesis of nopol 
through the condensation of biorenewable β-pinene with paraformaldehyde. Zn-Cr 
mixed oxide with an optimum Zn/Cr atomic ratio of 1:6 gave 100% nopol selectivity at 
97% β-pinene conversion, with the catalyst easily recovered and recycled. The acid 
properties of Nb2O5 and Zn-Cr mixed oxide were characterized by the diffuse 
reflectance IR Fourier transform spectroscopy of adsorbed pyridine and ammonia 
adsorption microcalorimetry. An appropriate combination of acid– base properties of 
Zn-Cr mixed oxide is believed to be responsible for its efficiency. 
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Chapter 1  
Introduction 
 
 
1.1 Definition and history of catalysis 
The term ‘catalyst’ has been defined in many ways over time.1 Here, it can be defined as 
a chemical used to accelerate or otherwise affect a reaction to convert substrates to 
products without being consumed in the reaction. It enhances the rate of the reaction 
without changing its thermodynamic equilibrium. Catalysts may be solids, liquids or 
gases.
2
 They have many industrial applications, such as in the food, chemical, 
pharmaceutical and petrochemical industries, which give them vital importance in the 
world economy. They are also environmentally significant because they facilitate the 
conversion of raw materials to fuels. There are many new catalytic applications, such as 
in green chemistry,
3-5
 nanotechnology,
6, 7
 fuels
8, 9
 and fuel cells.
4, 10-13
  More than 90% 
of chemicals and materials in the modern industrial economy are produced with the acid 
of catalysis.
1
  
 There are two types of catalysis, depending on the catalytic system.
14
 Homogeneous 
catalysis occurs where catalyst and reactants are in a single phase, with no phase 
boundary between them, whereas in heterogeneous catalysis the catalyst and reactant 
phases are separated by a phase boundary. One of the most important types of catalyst is 
the metal oxides. Historically, gas phase oxide catalysis have been used in many 
reactions, such as in the petroleum and petrochemical industries.
15
 Nowadays, oxides 
are used to promote useful reactions in many applications such as energy conversion 
2 
 
and storage, catalysis, sensing, adsorption and separation.
16
 Table 1.1 lists some 
important applications of catalysis from 1939 to 2000. 
 
 Table 1.1 Historical applications of catalysis
14
 
Year Reaction/ application Catalyst 
1939-1945 Dehydrogenation 
Pt- Al2O4 
Cr2O3-Al2O3 
1946-1960 
Oxidation of aromatics 
Hydrocracking 
Polymerisation 
V2O5 
Ni-aluminosilicate 
Ziegler-Natta 
1961-1970 
Low pressure methanol synthesis 
Distillate dewaxing  
Cu-ZnO-Al2O3 
ZSM-5, mordenite 
1971-1980 Automobile emission control Pt-Rh-CeO2, Al2O3 
1981-1985 
Carbonylation 
Alkylation 
Esterification 
Selective catalytic reduction 
Organic Rh complex 
Zeolite (ZSM-5) 
Ion-exchange resin 
V-Ti, Mo, W oxides 
1986-2000 
Environmental control 
Hydration 
Oxidation with H2O2 
N2O from nitric acid by catalytic destruction 
Pt-Al2O3 
Enzyme 
Ti-Silicate 
Ti-Silicate 
Metal oxides constitute a large and important class of active catalytic materials which 
can be classified by their behaviour as acid, basic or amphoteric. These materials are 
usually solid and their bulk properties rely on the interaction between the metal and the 
oxygen of which they consist. Table 1.2 lists some examples of the many metal oxide 
catalysts and their varied applications. 
 Table1.2 Examples of metal oxide catalysts
2
 
Catalyst Catalytic Process 
ZnCr2O4, ZnO Methanol synthesis (high pressure) 
Zn Fe2O4 Oxidative dehydrogenation  
CuxZn1-xCr2O4, CuO Methanol synthesis (low pressure) 
CuCr2O4, CuO Oxidation, hydrogenation 
CrxAl2-xO3 Light alkane dehydrogenation 
3 
 
1.2 Key reaction steps in solid porous catalysts 
Figure 1.1 shows the steps in a heterogeneous catalysis reaction. It can be seen that the 
reaction occurs when reactant molecules or atoms bond to the surface of a solid porous 
catalyst. This phenomenon of adsorption is important for many processes, such as 
catalysis, separation, purification and chromatography. The first step, called film 
diffusion, involves the external transport of reactant from the bulk fluid phase (either 
gas or liquid) through the boundary layer to the outer surface of the catalyst granules. 
The second step is the internal transport of reactant through the pores to active sites on 
the interior surface of the granule. The reactant will then be adsorbed onto the surface, 
where the chemical reaction will happen. Next, the product will desorb and undergo 
internal transport through the pores to the external surface. The final stage is the 
external transport of the product through the boundary layer to the bulk fluid phase.
1, 17-
19
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Reaction steps on a solid porous catalyst.
20
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1.3 Classification of catalysts 
Catalysts can be classified according to their activity, which depends on their nature and 
behaviour, into three main types: redox, acid-base and polyfunctional catalysts. 
 Redox catalysts are used in reactions such as hydrogenation, halogenation, oxidation 
and dehydrogenation. They usually consist of salts, sulfides, complexes, chlorides or 
oxides of transition metals such as Pd, Pt, Ni and Ag. These metals present an active 
phase containing metal ions or metal atoms.  
 Acid-base catalysts include zeolites, ZnO, SiO2-Al2O3, H3PO4/SiO2, MgO and CaO. 
Their acidity and basicity are important in the activity of this large class of catalysts. 
They are useful in reactions such as alkylation, dehydration, cracking and isomerisation. 
They have active Brønsted and Lewis acid sites as well as basic sites on the catalyst 
surface, and an important characteristic is their ability to interact with reactants by acid-
base mechanisms.
17, 21
    
 Polyfunctional catalysts combine the features of redox and acid-base catalysts.
22
 For 
example, Pd supported on Zn
II
-Cr
III
 mixed oxide acts as a polyfunctional catalyst in the 
one-step synthesis of methyl isobutyl ketone in the gas and liquid phases.
23
 Pt/ZSM-5 
has also been used as a polyfunctional catalyst for the dehydroisomerisation of n-
alkanes.
24, 25
             
1.4 Zn-Cr oxide catalysts  
Zn-Cr mixed oxides have been well known as catalysts for many years. Their many 
applications include use as active and selective catalysts in reactions such as the 
synthesis of methanol
26-28
 and higher alcohols from syngas,
29, 30 hydrogenation of 
secondary alcohols to ketones,
31
 the synthesis of methylpyrazine using aqueous 
glycerol,
32
 the hydrogenation of aromatic and aliphatic acids to corresponding 
aldehyde,
33
 the dehydroisomeration of α-pinene,34 the production of quinoline from 
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aniline and glycerol in the gas phase,
35
 the synthesis of hydrocarbons,
36
 the 
transformation of synthetic gas to hydrocarbons
37
 and the synthesis of methyl isobutyl 
ketone.
23, 38
  
1.4.1 Preparation of Zn-Cr oxide catalysts 
The preparation of heterogeneous catalysts is a major challenge for both academia and 
industry.
39, 40
  Zinc-chromium oxide has been prepared by several methods, including 
co-precipitation, where the nitrates of zinc and chromium precipitate on the addition of 
ammonia solution at 80 °C. The product is filtered off, washed in distilled water and 
dried at 110 °C. The catalyst is then calcined at different temperatures for 5 h. Pure zinc 
and pure chromium oxides have also been produced using the same procedure.
37
 In 
some cases, zinc-chromium mixed oxide catalyst can be prepared by the precipitation of 
zinc and chromium hydroxides, which are then calcined at 550 °C for 3 h.  
 Zinc oxide was synthesised by adding sodium carbonate aqueous solution to zinc 
nitrate solution at a controlled pH of 8. The precipitate was filtered off, washed three 
times and dried at 100 °C for 12 h. Calcination was performed at 500 °C for 1 h in air.  
 Epling and co-workers
30
 prepared a Zn-Cr (1:1) catalyst by dissolving their nitrates 
at pH 10 in a solution of KOH and K2CO3 at a controlled temperate of 70 °C, which was 
stirred for 3 h, then the precipitate was dried at 100 °C in a vacuum oven. Another 
method which these researchers used to synthesize zinc chromium oxides is kneading. 
ZnO was first obtained by calcination of zinc carbonate, then added to chromium oxide 
aqueous suspension. The products were kneaded together for 2 h and dried at room 
temperature for 24 h. The catalyst was next calcined in an oven at 100 °C for 12 h. 
Finally, the catalyst was dried at 500 °C for 1 h in air.  
 Zn-Cr oxide catalyst has also been prepared by the urea-nitrate combustion method.  
Zinc nitrate hexahydrate [Zn(NO3)2 6H2O] and ammonium chromate [(NH4)2Cr2O7] 
6 
 
were mixed with urea. The solution of zinc nitrate and chromium nitrate was 
precipitated by urea at pH 9 and heated at 95-98 °C. The product was filtered off, 
washed three times by distilled water, and dried at 100 
o
C for 12 h. After that, the 
product was calcined at 500 °C for 1 h. This method is called catalyst precipitation from 
homogeneous solution.
41
 
 The impregnation method has been used to prepare supported oxide catalysts, 
including ZnO, Cr2O3 and other oxides. In this method, the support was impregnated 
with an aqueous solution of metal salts, then the sample was dried at 120 °C for 12 h. 
Finally, supported catalysts were calcined at 450 °C in air for 3 h.
42
 Cr2O3 catalysts 
supported on alumina, silica and tin oxide were prepared by adding the support to 
chromium nitrate. The catalyst was dried using rotary evaporation and calcined at 
700 °C.
43
 
 ZnCrTi supported catalyst was obtained by the impregnation method. TiO2 was 
impregnated with zinc and chromium nitrates in aqueous solution. The mixture was 
dried at 120 °C for 5 h and the catalyst was finally calcined at 500 °C for 5 h in air. The 
x-ray diffraction (XRD) pattern showed the presence of TiO2 in the catalyst. However, 
oxide crystalline phases did not appear.
44
  
 
1.4.2 Properties of Zn-Cr oxides 
1.4.2.1 Zn-Cr catalyst surface area and porosity 
Hong and Ren
45
 examined fresh Zn-Cr catalyst with a surface area of 63.2 m
2
g
-1
 and 
reported that this decreased to 50.7 m
2
g
-1
 after 100 h reaction time at 450-600 °C. The 
catalyst prepared by the co-precipitation method using urea showed a similar trend after 
calcination at 700 
o
C. The addition of chromium to zinc increased the surface area of the 
catalyst. Conversely, the surface area of K-Cr2O3/ZnO decreased, because potassium 
7 
 
induces an intrinsically lower hydrothermal stability. It was also found that the BET 
surface area of mixed Zn-Cr oxide was smaller than that of the pure Cr2O3 oxide. 
Adding chromium to Cu increased the surface area; however, when up to 80% of 
chromium was added, the surface area of the catalyst reduced compared with the pure 
metallic Cu catalyst. The surface area of Cr-rich Zn-Cr oxides is increased significantly 
by increasing the Cr content. Amorphous Cr-rich oxides have larger surface areas and 
pore volumes, with smaller average pore diameters than crystalline Zn-rich oxides.
23, 34
 
 
1.4.2.2 The composition of Zn-Cr catalysts 
The composition of Zn-Cr catalysts has been investigated many times.
46-50
 Zn-Cr oxides 
with atomic ratios varying between 1:30 and 20:1 were prepared by the co-precipitation 
method. The catalysts were calcined at 300 °C and it was found that Zn-rich catalysts 
were crystalline in structure, whereas Cr-rich catalysts were amorphous. Additionally, 
when Zn-Cr catalysts were calcined at more than 300 °C, the XRD pattern showed them 
to be crystalline.
34
 
 Cu-Zn-Cr catalyst was used to produce H2 from methanol. This catalyst was 
prepared, with low and high Cu-loading, by urea nitrate combustion. The XRD pattern 
showed that Zn-Cr without Cu comprised highly crystalline ZnO and a spinel-like 
phase. The spent catalyst was characterised using XRD and it was found that the main 
phases of Zn-Cr had not changed during the reaction. However, a small increase was 
observed in the ZnO pattern.
45
  
  Simard et al.
37
 and Bradford et.al.
51
 observed that when the Cr/Zn ratio was 
increased from 0.5 to 15 (calcined at 350 °C) and from 0 to 1.9 (calcined at 700 °C) 
respectively, the content of the ZnO phase decreased and ZnCr2O4 increased. A further 
increase in the chromium content resulted in the appearance of a Cr2O3 crystalline phase 
and a concomitant decrease in ZnCr2O4 content. 
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 Zn-Cr (1:10) oxide catalysts have been characterised by XRD. It was found that the 
catalyst was amorphous after calcination at 300 °C and crystalline after calcination at 
350 °C. The crystalline oxide presented both  Cr2O3 and ZnCr2O4 phases.
38
 
 Errani et al.
28
 found that Zn-Cr oxide with Zn/Cr > 1:1 was crystalline and that ZnO 
phases were present, whereas with Zn/Cr ratios ≤ 1:1 it had only one spinel-type phase.  
 
1.4.2.3 Acidity of Zn-Cr catalysts 
In heterogeneous catalysis, catalyst acidity plays significant role in the activity and 
selectivity of the reaction. A range of techniques including IR spectroscopy can be used 
to determine the acidity of catalysts and characterise the effects of the nature of acid 
sites on their behaviour. The relative number of Brønsted and Lewis acid sites can be 
determined by FTIR-pyridine adsorption in the 1540-1450 cm
-1 
region.
23, 34, 52, 53
 
Differential scanning calorimetry (DSC) is another technique used to determine the 
strength and the number of acid sites by ammonia adsorption.
23, 54
 
 The acidity of Zn-Cr oxides was studied. The total number of acid sites was 
determined by ammonia adsorption at 100 °C at the gas/solid interfaces. The results 
showed that increasing the chromium content increased the acid strength of catalysts. In 
addition, the Brønsted and Lewis sites of the catalyst were measured by FTIR-pyridine 
spectroscopy. It was found that only Zn-Cr (1:30) had Brønsted acid sites, in contrast to 
the same catalyst with different zinc-chromium ratios.
23, 34
    
 
1.5 Zeolite catalysts 
Zeolites are aluminosilicates with a highly ordered crystalline structure. Cavities of a 
definite size are formed in a rigid, three-dimensional network composed of SiO4 and 
AlO4 tetrahedra. The lattice contains cavities of varying diameters, depending on the 
type of zeolite.
55  Zeolites have specific properties which make them unique among 
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solid catalysts, such as high surface area, the molecular dimensions of the pores, high 
adsorption capacity, partitioning of reactant and products, the possibility of modulating 
the electronic properties of the active sites and the possibility of pre-activating 
molecules in the pores by using strong electric fields and molecular confinement.
56
 
 Various methods are used to design the unique framework structures which make 
zeolites very important heterogeneous catalysts for the chemical and petrochemical 
industries, the estimated size of the global catalyst market being 15 to 20 billion US 
dollars. Their importance for the global economy arises not from a high specific surface 
area, but because they provide shape/size selectivity in catalytic reactions.
57, 58
 
 Shape and size selectivity have been important in many catalytic processes for 
decades and zeolites therefore remain vital materials for new structures and applications 
in industry. Zeolite catalysts are able to select reactants, products and intermediate 
compounds according to shape and size, because of the pores and channels which are 
fundamental to zeolite structure.
59
 The various types of zeolites have different channel 
openings, thus varying the accessibility to organic molecule. Zeolite catalysts present 
three types of shape selectivity, affecting reactants, products and transition states, 
respectively.  
 In the shape selectivity of reactants, only those molecules of reactant smaller than the 
opening size can access the zeolite cages, allowing the reaction to happen inside the 
cavities. When the product is able to pass through the zeolite channels in order to exit 
from the cages, this is referred to as product shape selectivity.
22
   
 Zeolites have pore sizes in the range of 3-10 Å. The IUPAC classification divides the 
most common industrial zeolites into the mordenite framework inverted (MFI), A and 
FAU types.
60
 The difference between two common MFI-type zeolites, silicalite-1 and 
10 
 
ZSM-5, is that ZSM-5 has Si/Al ratio 10-200, while silicalite has little or no aluminium 
content.
61
  
1.5.1 Silicalite  
Silicalite is a pure siliceous zeolite with the MFI crystal structure (Figures 1.2 and 
1.3).
62
 The structure of silicalite consists of three-dimensional pore system similar to 
ZSM-5.
63
 Its surface is almost completely internal and formed almost entirely by Si–O–
Si bonds. Silicalite can be organophilic, inert and hydrophobic,
64
 because it has low 
charge concentration centres. The structure of silicalite has been investigated by both X-
ray and 
29
Si NMR spectroscopy.
63
 It has been used as a catalyst and selective adsorbent 
in Industrial applications such as petroleum and petrochemicals. Silicalite exhibits 
selective sorption of organic molecules in comparison with the aluminosilicate 
materials.
63
 It has no Brønsted acid sites and is normally synthesised in basic media by 
the hydrothermal process.
65
  
 
 
 
Figure 1.2 MFI zeolite structure.
66
 
 
The MFI surface can be divided in two parts, the internal and external. The internal one 
is made by the wall of channels. The external surface accounts for a small percentage of 
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the total surface of zeolite. Nevertheless, it has been found that catalytic performance of 
silicalite is affected by its external surface.
67
   
 
 
 
 
 
 
 
     (a)                                                     (b) 
Figure 1.3 a) MFI zeolite and its channel structures,
 63, 66-68
 b) external surface.
67
  
 
1.5.1.1 Preparation and modification of silicalite 
The procedure of silicalite preparation is discussed widely in the literature.
68-71
 A 
mixture of tetraethylorthosilicate (TEOS), ethanol and tetrapropylammonium hydroxide 
(TPAOH) in aqueous solution were hydrothermally heated to 105 °C for 96 h, then the 
silicalite product was washed in distilled water, dried and finally calcined in air.
68
 
Alternatively, Fickel et al.
69
 used different sources of silica: fumed silica, TEOS and 
Ludox As-40 in an aqueous solution of TPAOH, at a temperature range of 100-150 °C.  
 Silicalite can be hydrothermally modified using various basic or acidic solutions. The 
type of solution and its concentration will affect the number of silanol sites that are 
created on the catalyst surface. It has been reported that basic treatment produces a 
silicalite containing a large number of silanol nests, giving it interesting catalytic 
properties and commercial uses, including the production of ɛ-caprolactam by the 
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Beckmann rearrangement of cyclohexanone oxime,
62, 68, 69, 72
 paraffin separation,
73
 and 
the ketonisation of carboxylic acids.
70, 74
  
 
1.5.1.2 Characterisation of silicalite 
Silicalite has a typical XRD pattern, as reported in the literature,
65, 68, 72, 75
 which 
indicates that the purity and crystallinity of silicalite depend on the temperature of 
calcination.
69
 The results show that silicalite comprises orthorhombic or monoclinic unit 
cells which can be identified by XRD in the range of 24.5° at the 2θ angle.68, 72 If a 
single peak is observed the unit cell is orthorhombic, whereas if there are two peaks the 
unit cell is monoclinic. The unit cell can be changed from monoclinic to orthorhombic 
depending on the calcination temperature,
72
 synthesis and modification of zeolites.
68
 
    The IR spectrum of silicalite has been studied to distinguish silanol families and to 
determine the number of silanol groups on the catalyst. The type of silanol groups 
depends on the modification solution, the concentration of the solution and the 
calcination temperature. It has been reported that modification by acidic and basic 
solutions improved the catalytic performance of the silicalite because of strong 
adsorption in the 3500 cm
-1
 band of the IR spectrum. This band is attributed to silanol 
nest groups, which provide favourable sites for the ketonisation of propionic acid at 
500 °C in the gas phase
70
 described in this thesis (Chapter 4) and the Beckmann 
rearrangement of cyclohexanone oxime to ɛ-caprolactam.68  
    Both terminal and H-bonded silanol groups on silicalite materials indicate the 
presence of weak Brønsted acid sites. When the strength of these sites was measured by 
TPD-NH3, the results showed low total acidity. However, a sample of silicalite calcined 
at 450 °C and modified by basic solution showed higher total acidity.
72
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 Calorimetry and gravimetry have been used to calculate the heat of adsorption 
(ΔHads) of linear alcohols such as methanol and 1-propanol on silicalite, which was 
found to be –(90-100) kJ/mol.65 
 The surface area and porosity of silicalites have been measured and discussed in 
many articles.
21, 65, 71
 Bayahia et al.
70
 (Chapter 4) measured the surface area of fresh 
untreated, basic treated and spent treated silicalite catalysts. The surface area of the 
untreated and basic treated samples was higher than that of the treated silicalite. 
Varying the sources of silica in the preparation of silicalite affected the surface area and 
pore volume of the catalyst. TEOS silicalite showed higher microporosity than that of 
silicalite from other sources such as fumed silica.
69
   
 
1.6 Biofuel as alternative to petroleum based fuel 
    Oil is the world’s primary source of energy and chemicals with a current demand of 
about 12 million tonnes per day (84 million barrels a day) with a projection to increase 
to 16 million tonnes per day (116 million barrels a day) by 2030. While 30% of the 
global oil consumption accounts for transportation fuels at present, it is strikingly 
expected to increase to 60% by 2030.
76
 
    Renewable biofuels are needed to displace petroleum derived transportation fuels, 
which contribute to global warming and are of limited availability. Biodiesel and 
bioethanol are the two potential renewable fuels that have attracted the most attention. 
However, biodiesel and bioethanol produced from agricultural crops using existing 
methods cannot sustainably replace fossil-based transportation fuels. In general, 
increased demand for biofuels has caused the prices of agricultural commodities used as 
feedstocks and other competing crops to increase because of the direct impact of 
biofuels production on agricultural commodities and markets, with implications for food 
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prices and allocations of rural agricultural land.  There is an alternative, however, which 
is biodiesel from microalgae. This biodiesel seems to be the only renewable biofuel that 
has the potential to completely displace petroleum-derived transport fuels without 
adversely affecting supply of food and other crop products. Most productive oil crops, 
such as oil palm, do not come close to microalgae in being able to sustainably provide 
the necessary amounts of biodiesel. Similarly, bioethanol from sugarcane is no match 
for microalgal biodiesel.
77
  
    First generation biodiesel is currently the most common biofuel in Europe. It remains 
in the political and economic arena and is playing a part in the biofuels expanding 
process as the awareness of alternative fuel spreads among the general public. In 2007, 
19 biodiesel plants started operations or were under construction/planning in the new 
EU member states. Relatively large plants can be found in Lithuania, Poland and 
Romania, with capacities of 100,000 tonnes/year.
76
 
    Europe has been involved in direct production of liquid fuels from biomass for over 
two decades. Prior to 1989, the only European plant was a conventional slow pyrolysis 
demonstration plant of 500 kg/h operating in Italy for liquid and char production to 
yield approximately 25% of each. Also Bio-Alternative in Switzerland was operating a 
fixed bed carbonisation pilot plant fed with wood and waste for charcoal production 
yielding 20% of secondary liquids as a by-product. Tests carried out on combustion of 
these oils served to foster interest in direct production of liquids from biomass in 
atmospheric processes. This also revealed a poor liquid quality and low product yields. 
In 1993, a 200 kg/h fast pyrolysis pilot plant based on the University of Waterloo 
(Canada) process was launched in Spain by Union Fenosa. In 1991 – 1992, Egemin 
(Belgium) designed and operated a 200 kg/h capacity entrained down bio-oil pilot plant. 
ENEL purchased a 15 t/d Ensyn RTP3 pilot plant to produce bio-oils for testing which 
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was installed in Italy in 1996. The inclusion of fast pyrolysis in the 4th Non Fossil Fuel 
Obligation (NFFO) tranche in the UK in 1996 served to strengthen awareness of this 
technology and boosted interest in it Europe.
78
 
    In North America a number of commercial and demonstration plants for fast 
pyrolysis have been operating at a scale of up to 2000 kg/h. Ensyn (Canada) are 
marketing commercial fast pyrolysis plants of up to 10 t/h throughput. Two plants of 
around 1 t/h capacity are operated in the USA for food edditives production which is 
still the only commercial application for fast pyrolysis. Castle Capital have acquired the 
Continuous Ablative Reaction (CAR) process and were operating a 1-2 t/h plant in 
Canada until 1996. The second generation 1360 kg/h Interchem demonstration plant in 
Kansas is based on the NREL vortex ablative pyrolysis process.
78
  
     The UK currently has a total biofuel production capacity of over 1,500 million litres 
per year. Figure 1.4 shows the larger scale commercial biofuel plants in the UK, 
indicating both operational and planned plants. Bioethanol projects have been slower to 
develop with the UK’s first bioethanol plant being commissioned by British Sugar in 
2007. This plant remained the UK’s only bioethanol plant for three years until had been 
complemented by two very large bioethanol plants (Ensus in 2010 and Vivergo in 
2013), significantly increasing the overall bioethanol capacity in the UK, with a third 
plant (Vireol) planned for 2016. Therefore, bioethanol capacity represents the larger 
share in the UK biofuel industry.
79
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Figure 1.4 Commercial-scale bioethanol and biodiesel production in the United 
Kingdom.
79
 
 
    Several biodiesel initiatives were planned in the UK in recent years, but did not result 
in actual projects. These include a 255 million litre plant in South West England 
proposed by ABS Biodiesel running on virgin and waste oils and a 204 million litre 
plant in North Tyneside proposed by Goes on Green running on yellow grease (both 
planned for 2011). UK bioethanol production has also been significantly lower than 
production capacity since 2009, particularly in 2011 and 2012 when utilisation was only 
6% and 17% respectively.
79
      
 
1.7 Deoxygenation of biomass-derived molecules 
Biomass is a renewable feedstock with a significant role in the economy.
80
 It is a source 
of fuels and other useful chemicals,
81, 82
 representing an important strategy in the 
replacement of fossil fuels.
83
 It can be transformed into these chemicals by removing 
oxygen or C-C coupling.
81, 84, 85
 The energy provided by raw biomass has been 
estimated as reaching 150-450 Ej/year in 2030, when 20% of transportation fuels and 
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25% of chemicals will be extracted from biomass. Plant biomass is currently the main 
renewable source of carbon for chemicals and fuels. Biomass-derived carbon can be 
used in producing a variety of biofuels and bio-based products, depending on soil 
quality, climate and precipitation.
86
  
 Biomass can be converted in various ways, such as by thermochemical and catalytic 
processes.
82, 87
 The reactions of biomass conversion have been reported as facilitated by 
many types of catalysts, including zeolites and metal oxides.
81, 84, 88
 Carboxylic acid is a 
common intermediate in biomass conversion. In this case, two molecules of acid can be 
condensed into a linear molecule of ketone via ketonisation, which involves carbon 
dioxide and water as by-products.
8, 89
   
 
1.7.1 Deoxygenation of carboxylic acids  
Carboxylic acids are readily available from natural resources and attractive as 
renewable raw materials for the production of value-added chemicals and bio-fuel 
components.
8, 90
 For fuel applications, carboxylic acids require reduction in their oxygen 
content, i.e., deoxygenation. Therefore, much recent research has addressed the 
deoxygenation of carboxylic acids using heterogeneous catalysis.
91, 92
  
 
1.7.1.1 Ketonisation of carboxylic acids 
The reaction of two carboxylic acid molecules to produce a molecule of ketone, carbon 
dioxide and water as co-products is called ketonisation.
93-96
 Ketonisation of carboxylic 
acids (Equation 1.1) is widely used as a clean method for the synthesis of ketones.
97
 It 
allows for partial deoxygenation of carboxylic acids, accompanied by the upgrading of 
their carbon backbone.  
 
 
2 RCOOH                      R2CO + CO2 + H2O                    (1.1) 
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 Ketonisation is catalysed by many basic and acidic metal oxide and mixed-oxide 
catalysts in the temperature range of 300-500 °C,
33, 89, 95, 97-100
 but the nature of 
catalytically active sites is not yet clear. It is generally thought that basic sites are 
favourable for ketonisation.
97
 However, heteropoly acid H3PW12O40 and CsPW catalysts 
were used in the investigation of propionic acid in the gas phase.
101
 
When the reaction is used to obtain a symmetric ketone, it is called homo-ketonisation, 
whereas when asymmetrical ketone is obtained from carboxylic acid, this is called 
cross-ketonisation. This reaction plays a role in the conversion of biomass by removing 
carboxylic groups and it is an upgrading step which increases the length of the carbon 
chain. It has been reported that the rate of cross-ketonisation is greater by a factor of 
two than that of homo-ketonisation. Figure 1.5 depicts both the homo-ketonisation and 
cross-ketonisation reactions. The reactivity of ketonisation decreases with increasing 
acid chain length.
102
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                 Figure 1.5 Homo-ketonisation and cross-ketonisation.
103
 
 
 The ketonisation of carboxylic acids has been known since 1858, when it was used to 
produce acetone by decomposing calcium acetate.
94, 104
 The solid catalysts were used in 
the ketonisation of acetic acid as a direct reaction.
95
 Recently, ketonisation has been 
catalysed by many basic and acidic metal oxides, mixed-oxides
33, 95, 97 
and zeolites,
70, 105
 
because it has promising applications in the conversion of biomass to produce and 
upgrade bio-oil
89, 96, 102, 104
 and in other industrial uses.
94
  
 It has been reported that amphoteric oxides seem to have better activity than pure 
acidic and basic oxides.
95, 106-108
 Among the oxides that have been used in the 
ketonisation of carboxylic acids are CeO2,
109, 110
 MnO2,
94
 Cr2O3,
111-113
 ZrO2, PbO2, 
BiO3,
111
 ZnO,
114
 TiO2,
115
 SiO2,
70
 mesoporous base catalysts (CM-HMS and CM-MCM-
20 
 
41),
95
 MgO,
116
 Nd2O3
93
 and Al2O3.
114, 117
 It was also found that Mn2O3-CeO2 and ZrO2-
CeO2 achieved high activity at 350-450 °C.
118
 Uranium, thallium and 32 other chemical 
elements oxides have been tested in the ketonisation of propionic acid in the gas phase. 
Some of them were highly active catalysts.
119
 However, ketonisation mechanisms are 
still under discussion.
93
  It has also been found zeolite was active catalyst in the 
ketonisation reaction.
70, 74
  
 
1.7.1.1.1 Ketonisation catalysts 
1.7.1.1.1.1 Ketonisation of carboxylic acid over metal oxides 
A variety of basic, acidic and amphoteric metal oxides have been tested in the 
ketonisation of carboxylic acids under different conditions. The ketonisation of acetic 
acid catalysed by different metal oxides supported on silica
42, 94
  is shown in Table 1.3. 
Table 1.3 Activity of 10 wt% MOx/SiO2 catalysts in ketonisation of acetic acid
42, 94
 
Catalyst Yield of acetone (%) 
648 K 673 K 
B2O3    2   3 
MoO3    4   5 
WO3    6   5 
P2O5  10 12 
V2O5    9 21 
Bi2O3  11 18 
NiO  31  
Al2O3  15 37 
CuO  29 39 
ZnO  19 33 
PbO  36 76 
Cr2O3  48 39 
Fe2O3  66 59 
CoO  50 63 
MgO  53 59 
Nd2O3  22 61 
La2O3  50 87 
MnO2  72 96 
CdO  76 94 
CeO2  96 97 
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      It has been found that amphoteric metal oxides such as MnO2, TiO2 and CeO2 have 
better activity in the ketonisation of carboxylic acids than pure acidic or basic oxides. 
They showed very good activity and selectivity in ketonisation reactions.  
 The ketonisation of carboxylic acids over oxides is determined by some important 
properties including the interaction of carboxylic acid with the catalyst, the redox 
properties, dopants and pre-treatment of catalysts which have been studied both 
theoretically and experimentally. Carboxylic acids are adsorbed onto the surface of the 
catalyst to produce surface carboxylate and hydroxyl groups associated with one or two 
metal oxygen atoms in the different coordination structures.
120, 121
  
 The acid-base properties have a significant effect on activity in the ketonisation of 
carboxylic acids, because the surface cations/anions are exposed to coordination 
vacancies. Many different techniques can be used to characterise the acidity and basicity 
of catalysts, such as FTIR-pyridine spectroscopy, NH3 adsorption and TPD of CO2.
94
   
 The basic sites of CeO2, MgO and ZrO2 have been studied by CO2 adsorption. The 
density of basic sites was calculated so that these catalysts could be compared. CeO2 
had a higher basic site density than ZrO2 and MgO, whereas MgO had the strongest 
basic sites.
122
  
 Transition metals such as Co and Pd were added to CeO2 to study the effects on the 
gas phase ketonisation of acetic acid. The results showed that the activity in 
ketonisation was enhanced by both Co and Pd addition.
106
 When ZrO2 was added to 
CeO2, this enhanced the ketonisation activity, because it increased the number of Lewis 
acid sites and oxygen vacancies.
94
  
 Likewise, the ketonisation of carboxylic acids using CeO2 and MnO2 supported on 
Al2O3, TiO2 and SiO2 was examined. The support was found to affect the activity of 
ketonisation Al2O3 and TiO2 significantly increased the catalytic activity in comparison 
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with SiO2, because of the incorporation of the acid function of the support with the 
basic sites of the supported oxides.
42
  
 Benaissa et al.
99
 tested H4[PMo11VO40] and its caesium salts as catalysts of the 
hydrogenation and ketonisation of hexanoic acid to the corresponding aldehydes, 
ketones and other products at 350 °C and 1 bar H2 pressure in the vapour phase. 
H4[PMo11VO40] and its Cs salt achieved higher thermal stability in the reaction. 
Selectivity to 6-undecanone increased up to 71-76% by increasing the Cs content of the 
catalysts. After the reaction, the heteropoly compounds (HPCs) decomposed to their 
oxides, which were more active in the hydrogenation of hexanoic acid than the HPCs. 
MoO2 gave 95% conversion with 75% selectivity of hexanal.  
 The ketonisation of acetic acid by copper oxide, iron oxide and tin oxide has been 
studied. The addition of platinum to the catalyst had no effect on the selectivity of 
acetone except in the case of manganese oxide, indicating that the strength of the M-O 
bond played a role. Acetone was the main by-product with pure oxides, where 
increasing the amount of oxides increased the amount of acetaldehyde.
111
 
 Deoxygenation of propionic acid on metal-loaded heteropoly acid in the gas phase 
was studied in N2 and H2. All catalysts were active in the ketonisation of propionic acid 
from 250 to 300 °C. However, HPW and its caesium salt were active in decarbonylation 
and decarboxylation in H2 at 400 °C. Using Pd/SiO2 and Pt/SiO2 in H2 achieved 100% 
of ethene selectivity. Other main routes of deoxygenation of propionic acid to 
corresponding aldehyde and alcohol were studied using Cu, Cu/CsPW and Cu/SiO2.
101
 
 The gas-phase ketonisation of acetic, propionic and butyric acid on chromium-zinc-
manganese catalyst in the range 330-400 °C in the presence of water was studied. At 
325 °C the yield was 96% of acetone, 95% of diethyl ketone and 92% of dipropyl 
ketone. Reducing the amount of water affected the reactant mixture positively. At a 
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ratio of 1:0.5 acetic acid to water, acetone selectivity reached 98% at 100% conversion 
of acetic acid at 375 °C.
123
 
 Pestman and co-workers
117
 tested the oxides of iron, vanadium, zirconium and 
titanium. At low temperatures, only acetone formed on TiO2, but at high temperatures 
acetaldehyde also formed. In this reaction, the selectivity of products depended on the 
presence of α- hydrogen atoms. Ketene might be an intermediate for ketone formation, 
as suggested in the literature.
124
 At shorter contact times, ketene was formed, while at 
longer contact times, more ketone was formed, which indicates that ketene is an 
intermediate in the conversion of acetic acid to acetone.  
 The ketonisation of a variety of carboxylic acids was studied over 10 and 20 wt% of 
metal oxide catalysts supported on SiO2, Al2O3 and TiO2 in the range of 300-450 
o
C. At 
temperatures lower than 325 
o
C, all catalysts formed acetone from acetic acid, while 
increasing the temperature increased the acetone yield. CeO2/SiO2 at 10 wt% showed a 
higher acetone yield at 375 
o
C than all other supported oxide catalysts in the series, 
while CeO2/Al2O3 at 20 wt% exhibited the highest activity at 350 
o
C in the synthesis of 
3-pentanone from propionic acid.
42
 
 The ketonisation of heptanoic acid over a series of catalysts was tested. Manganese, 
cerium and zirconium oxides at 20 wt% were supported by Al2O3, SiO2 and TiO2. Pure 
silica was less active in the reaction than Al2O3 and TiO2. Increasing the reaction 
temperature increased conversion, but selectivity decreased. MnO2/Al2O3 at 20 wt% 
showed the highest activity at 400 
o
C, giving a 95% yield of 7-tridecanone. The 
catalysts showed good long-term stability at 400 
o
C.
125
 
 The ketonisation of carboxylic acids was unselective when red mud bauxite was 
used. However, the reduction of red mud produced an active catalyst for the 
ketonisation of carboxylic (propionic, butyric, iso-pentanoic and n-pentanoic) acids at 
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365 °C under H2 flow in the liquid phase. The recycled catalyst was active without loss 
of activity.
126
 
 The ketonisation of propionic acids to form 3-pentanone and the cross-ketonisation 
of various carboxylic acids were studied on CeO2 modified with Mn, Mg, Al, Ni, Fe and 
Zr at 300-425 °C. It was found that CeO2-Mn2O3 was the most active catalyst in the 
ketonisation of propionic acid to form 3-pentanone. In the ketonisation of propionic acid 
with another linear carboxylic acid on CeO2-Mn2O3 at 375 °C, the reactivity was 
slightly decreased because of the increase in the chain length. In addition, branched 
acids were less reactive because steric hindrance and the lack of α-hydrogen decrease 
the reactivity to ketonisation of acid by either homo- or cross-ketonisation.
98
 
 Martinez et al.
115
 synthesised TiO2-functionalized silica monoliths by hydrolysis of 
titanium isopropoxide on the silica surface. The steady-state reaction of acetic acid to 
form acetone was studied between 533 and 680 °C. The catalyst was very selective for 
the ketonisation of acetic acid. At these temperatures two reactions were observed, 
forming coke and acetone. Acetone selectivity was not improved by shortening contact 
time. 
 Kobune and co-workers
127
 investigated several reactions over CeO2 and the effect of 
calcination of the catalysts on the activity. Calcination affected the particle size of the 
catalysts and it was found that the ketonisation of propionic acid increased as particle 
size increased. Propionic acid was ketonised over cerium oxide at 350 °C with different 
particle sizes and the main product was found to be 3-pentanone with > 99% of 
selectivity at 50% conversion of propionic acid.  
 The ketonisation of pentanoic acid using a bifunctional metal/acid catalyst was 
tested. A yield of 70% of 5-nonanone was produced from γ-valerolactone (GVL) in a 
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single bed on Pd/ Nb2O5. The yield increased to 90% of 5-nonanone by using a double 
bed reactor over Pd/ Nb2O5 + Ce0.5Zr0.5O2 at 325 and 425 °C.
128
 
 This work involved multiple reaction steps to produce the ketone. The aim was to 
convert cellulose to diesel and gasoline fuels as a cascade strategy for the 
deoxygenation of biomass. The first step was the deconstruction of cellulose in an 
aqueous solution of H2SO4, which yielded a mixture of levulinic acid and formic acid. 
The second step was to produce GVL over Ru/C at 423 K, which was upgraded to 90% 
of 5-nonanone. Pd/Nb2O5 + Ce0.5Zr0.5O2 was chosen because it provided good 
hydrothermal stability as well as much stronger acidity for producing GVL.
129
 
 The citrate method was used to create active centres of MnOx/CeOx on mesoporous 
silica (HMS and MCM-41). Ten mol% of MnOx in CeO2 enhanced the ketonisation 
activity to form 3-pentanone from propionic acid. A high selectivity of > 98% was 
achieved at 73% conversion of propionic acid over CM-MCM-41 at 410 °C. However, 
under the same conditions, the combined ketonisation of propionic acid and butyric acid 
achieved only 38 and 14% conversion respectively.
95
 
 The ketonisation of acetic acid in the liquid phase was tested at low temperatures 
typically needed for this reaction. The impregnation method was used to prepare a new 
and efficient catalyst of Ru/TiO2/C. The catalyst was calcined in air, reduced in H2 and 
tested at 180 °C using water and organic solvents such as n-hexane and n-methyl 
pyrrolidone (NMP). It exhibited high selectivity and activity in ketonisation in organic 
solvents.
130
  
 A ceria–zirconia catalyst was tested in the ketonisation of hexanoic89 and pentanoic 
acids.
131
 The ketonisation of hexanoic acid was studied in the presence of 2-butanone 
and 1-pentanol. The reaction of ketonisation was less rapid than esterification at low 
temperatures, which is consistent with the activation energies of ketonisation and 
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esterification. The adsorption of acid on the catalyst surface is an important step in the 
reaction. It was found that the ketonisation of ester did not happen directly, but that the 
ester was first hydrolysed by water, followed by the ketonisation of the acid. This 
means that the direct ketonisation of the ester did not take place in this system. Kinetic 
studies show that the ketonisation activation energy is higher than the activation energy 
of esterification, 132 and 40 kJ/mol respectively.
89
  
 A series of fourteen rare earth oxides (REOs) including Pr6O11, Nd2O3, CeO2 and 
La2O3 was investigated in the gas phase ketonisation of acetic acid at 350 °C. Acetone 
selectivity was > 99.9% with 38-80% conversion of acetic acid. Pr6O11 gave 80% 
acetone yield. The reaction involves two main steps, producing MO(AcO) (M= La, Pr, 
and Nd), acetone and carbon dioxide by surface decomposition of M2O(AcO), followed 
by the reaction of MO(AcO) with acetic acid to produce water.
93
  
 Many current environmental problems arise from activities such as the disposal of 
biomass waste by burning or burial in the ground. To protect the environment from 
these problems, it is necessary to find new and efficient methods of processing biomass 
waste, such as hydrothermal modification. Livestock manure in the form of liquid slurry 
can thus be converted to useful chemicals such as ketone. Funai et al.
132
 reported that 
acetone was produced from biomass waste over ZrO2-FeOx, Fe2O3 and ZrO2/FeOx at 
300-500 
o
C. When zirconia was added to iron oxide, catalyst activity was enhanced. 
ZrO2/FeOx produced a large amount of CO2 rather than acetone, compared to ZrO2- 
FeOx, because the reaction depended on the dispersion of ZrO2 on FeOx. This reaction 
was affected by temperature and acetone concentration. Acetone yields increased with 
increasing temperature up to 450 °C, but at 500 °C the yield decreased, so that the 
optimal temperature for the reaction was 450 °C. It was also found that when the 
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concentration of acetic acid in the slurry was increased, the concentration of acetone 
increased as well.  
 Ni/γAl2O3 with different loadings of Ni was used to catalyse the steam reforming of 
acetic acid at different temperatures. Conversion of acetic acid decreased with increased 
Ni loading, because the cracking reaction took place, rather than the ketonisation of 
acetic acid to form acetone. Thermogravimetric analysis (TGA) showed that the lowest 
coking and highest activity were at 12 wt% Ni loading.
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  The ketonisation of carboxylic acids to produce biorenewable fuel needs high 
temperatures to remove oxygen or acidity from the initial materials. Controlling catalyst 
calcination temperature ensures that the ketonisation reaction occurs at lower 
temperatures. The calcination temperature affects the crystallinity and oxidation state of 
oxide catalysts. For example, cerium oxide was used as a catalyst in the ketonisation of 
acetic acid at 230 °C. Calcination of the catalyst at higher temperatures increased the 
rate of ketonisation of acetic acid at low temperatures, based on the surface area.
107
 
     Liquid phase ketonisation reaction at a moderate temperature is a challenge. This 
reaction has been found very limited up to date. Using metal oxides in the liquid phase, 
ketonisation of carboxylic acids showed very low activity due to the blocking of active 
sites and competitive adsorption in the presence of high concentration of water.
134
 
 
1.7.1.1.1.2 Ketonisation of carboxylic acid over zeolite 
H-T zeolite was used in the gas phase ketonisation of mixtures of acetic, propionic and 
butyric acids. It was found that the reactivity of propionic acid increased in the presence 
of acetic acid rather than butyric acid, because of the synergetic effect of the mixture of 
acids. Shape selectivity and affected the activity of the ketonisation of acids. H-T zeolite 
was found to be appropriate for obtaining 3-hexanone from a mixture of propionic and 
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butyric acids.
105
 It was also observed that the surface acidity of the H-T zeolite catalyst 
influenced the ketonisation of butyric acid. There were different pathways, leading to 
the formation of a symmetrical ketone, 4-heptanone, and butyric anhydride, depending 
on the zeolite active sites.
94, 105
  
 The ketonisation of carboxylic acids over acidic zeolites may take one of the 
following routes: the formation of carboxylates on the zeolite surface, the coupling of 
acyl and adsorbed carboxylic acid, or adsorbed anhydrides decomposing to form 
ketones.
94
  
 
1.7.1.1.2 Ketonisation mechanism 
The reaction mechanism of ketonisation and the properties of catalysts are still largely 
unknown, although many mechanisms have been offered during the past 30 years.
135
 It 
is important to know the balance between bulk and surface ketonisation. For bulk 
ketonisation, it is important to have suitable oxides to decompose the carboxylate salts. 
Surface ketonisation can occur by means of various surface intermediates, as discussed 
in the following subsections.
94
  
 
1.7.1.1.2.1 Ketonisation over metal oxides 
The mechanism of ketonisation varies according to which metal oxide catalysts are used 
in the reaction.
107, 111
 While these catalytic mechanisms are still debated,
107
 it is clear 
that there are significant differences between bulk ketonisation, which occurs via the 
decomposition of carboxylate salts, and surface ketonisation, which involves α-
hydrogen, β-ketoacid intermediates, acyl carbonium ions, adsorbed carboxylate and acid 
anhydrides.
94
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 In the α-hydrogen ketonisation mechanism, carboxylic acid has hydrogen bonded in 
the α-carbon position relative to the acid carbonyl group. However, if two species are 
coupled on the surface via α-hydrogen to form intermediates and later decompose to 
carbon dioxide and water, this is called the β-ketoacid intermediate mechanism.  
 In the ketene mechanism, depicted in Figure 1.6, the carboxylate forms first, then 
reacts with ketene intermediates to obtain ketones,
94, 115
 as suggested in reports. 
94, 106, 136
 
 Another possible mechanism is the production of cyclic ketones from acid anhydride 
as an intermediate by loss of CO2. The ketonisation of carboxylic acids to form ketones 
relies on α-hydrogen atoms in the acids. For example, the self-ketonisation of propionic 
acid is 10 times faster than the ketonisation of 2,2-dimethylpropionic acid, because 2,2-
dimethylpropionic acid has less α-hydrogen and steric hindrance appears to reduce its 
reactivity.  
 
 
Figure 1.6 Ketonisation of carboxylic acid by the ketene mechanism.
111
 
 
1.7.1.1.2.2 Ketonisation over zeolites 
The mechanism of ketonisation over zeolites is detailed in a few reports, which mention 
different pathways. It has been found that acidic protons encourage the formation of 
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acyl rather than carboxylate species on the zeolite surface. It has been suggested that 
ketonisation occurs by nucleophilic attack of the acylium ions by the carboxylates.
94
   
 
 
Figure 1.7 The route of ketonisation of acetic acid to form acetone over zeolites.
94
 
 
 
1.7.1.1.3 Implications of ketonisation  
Ketonisation plays a key role in the upgrading of biofuels. One of its most important 
applications is producing fuel-grade products from biomass sources of lignocellulose 
and triglycerides.  
 Pyrolysis and hydrolysis can be used to produce fuels and other chemicals from some 
short-chain carboxylic (acetic and propionic) acids derived from biomass, where 
ketonisation is significantly promising. It was found that short-chain acids gave 10% 
yields of bio-oil. It is easy to couple ketones with other products of bio-oil by aldol 
condensation or other processes such as alkylation to produce longer chains in the fuel 
range.
137, 138
 Thus, ketonisation is a promising reaction and research in this field has 
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increased in recent years. One application of ketonisation is catalytic fast pyrolysis. In 
this strategy, it has been reported that HZSM-5 is the most typical catalyst and that it is 
in direct contact with biomass in the temperature range of 400-600 °C.   
 Acetone is the product of the ketonisation of acetic acid, using either basic or acid 
catalysts, and the molecular weight of this product can be increased by coupling itself 
via aldol condensation, or it can couple with other chemicals such as furan to give 
longer carbon chains. Acetone can also be converted to isopropanol, which can be 
dehydrated to form olefins and thence diesel and other liquid hydrocarbon automotive 
fuels.
94
     
 
1.8 Nopol synthesis by Prins condensation  
Nopol
139
 [2-(7,7 dimethyl-4-bicyclo[3.1.1] het-3-enyl ethanol]
140
 (C11H18O) is an active 
bicyclic primary alcohol which is useful for the synthesis of agricultural and household 
chemicals and products
141, 142
 such as pesticides,
143
 perfume soaps,
144, 145
 polishes,
146
 
detergents and fragrances.
147, 148
  
 Prins condensation of β-pinene and paraformaldehyde has been used to produce 
nopol
149
 and is a significant and well known carbon-carbon coupling reaction in the 
synthesis of organic materials, producing different compounds depending on the 
reaction conditions. To obtain nopol, several methods have been used:
144, 150
 a 
homogeneous acid catalysed reaction using ZnCl2 at 115-120 °C,
141, 146
 or autoclaving a 
mixture of β-pinene and paraformaldehyde for several hours at 150-230 °C,146 or mixing 
β-pinene with paraformaldehyde in acetic acid at 120 °C to produce nopyl acetate which 
is then saponified to nopol.
151, 152
 Homogeneous systems, which are traditional in nopol 
synthesis, suffer from unwanted side products and low yields of nopol.
147
 Current 
studies of the heterogeneous catalysis of Prins condensation are directed towards 
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improving nopol yields. Additional advantages are that the catalyst is easy to recover 
and it is reusable and has low energy requirements, because it can be regenerated by 
washing with suitable solvents instead of requiring thermal treatment.
141
 Heterogeneous 
catalysis of Prins condensation also shows higher activity and less substrate toxicity.
144
   
 
1.8.1 Prins condensation catalysts 
Terpenoids are one of the most important groups of inexpensive renewable raw 
materials for the perfumery, food and pharmaceutical industries. The chemical nature of 
the numerous components of essential oils is relatively simple. However, the 
arrangements that the carbon skeletons can assume and the changing positions of certain 
groups make possible the synthesis of a very large number of odoriferous substances, 
each having individual qualities. A small change in the structure of a carbonic terpene 
alters the characteristic profile of the molecule, giving different flavour and aroma from 
those of the initial terpene. 
 Acid-catalyzed transformations are a promising route for obtaining a range of 
fragrant compounds with wide applicability from biomass. Among these are the 
isomerization of various compounds,
153
 the esterification and hydration of terpenes in 
the liquid phase,
154
 and condensation. 
 Homogeneous and several heterogeneous catalytic systems have been reported for 
nopol synthesis via the Prins reaction of β-pinene and paraformaldehyde.155 Nopol was 
synthesised under anhydrous conditions using ZnCl2 as a homogeneous catalyst or in 
acetic acid to produce nopyl acetate which is hydrolysed to nopol.
140
 Heterogeneous 
catalytic reactions have been demonstrated using various materials including Sn-MCM-
41,
156
 Sn-kenyaite, Fe-Zn double cyanide, mesoporous iron phosphate,
148
 SnCl4 grafted 
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on MCM-41 silicate,
149
 Al-MCM-41, Sn-SBA-15,
140, 156
 SZF catalyst,
144
 ZnCl2,
145
 Zn-
Al-MCM-41,
157
 Zr-SBA-15
146
 and zeolite.
140
 
 The range of important products that can be obtained by Prins condensation has 
stimulated increasing interest in developing different catalysts and modifying them for 
use in this system. Given this interest and the practical importance of nopol, we chose to 
study its production from β-pinene and paraformaldehyde, screening the use of catalysts 
such as metal oxides (e.g. Nb2O5 and Cr2O3) and the readily available Zn(II)-Cr(III) 
mixed metal oxides (Zn-Cr in different proportions), in order to identify the best 
material for this reaction. To our knowledge, little research has so far been reported on 
the use of metal oxides as catalysts for the Prins reaction. 
 
1.8.2 Parameters affecting Prins condensation to produce nopol  
1.8.2.1 The effect of temperature  
Many studies have investigated the effect of temperature on nopol yields.
146, 150, 158
 
Wang and co-workers studied nopol production by Prins condensation in the liquid 
phase, catalysed by a series of zeolites.
158
 Prior to use, the catalyst was dried at 80 °C 
overnight. Typically, 0.05 g of catalyst in 5 mL of toluene was mixed with 1:2 mol ratio 
of β-pinene/paraformaldehyde and the reaction was carried out at 70-90 °C. NaITQ2 
mesopores zeolite catalyst showed 60% conversion and 87% nopol selectivity at 80 °C, 
while activity was lower at lower temperatures and selectivity was reduced at higher 
temperatures than 80 °C. At 70 °C the catalyst showed 46% conversion of β-pinene, 
while at 90 °C, the conversion increased to 90% but nopol selectivity dropped to 10%, 
and at 70° C conversion was only 46%.  However, it was found that the reaction 
temperature did not practically affect the Prins reaction when MIL-100(Cr) was used as 
a catalyst.
150
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 Opanasenko et al.
140
 found that the reaction was more strongly affected by 
temperature than by the nature of solvent used. The yield of nopol and initial rate of 
Prins condensation increased significantly over FeBTC and MIL-53(Al) with p-xylene 
as solvent instead of acetonitrile at 120 °C. At 80 °C, the effect was smaller, however.   
 Increasing the temperature from 25 to 90 °C increased nopol selectivity when Zn-Al-
MCM-41 was used. The highest conversion and selectivity were recorded at 90 °C, 
while increasing the temperature above 90 °C reduced both conversion of β-pinene and 
selectivity of nopol due to product isomerisation.
157
  
 
1.8.2.2 The effect of solvent  
Different solvents have been used in the production of nopol from β-pinene and 
paraformaldehyde in the liquid phase. The choice of solvent such as acetonitrile, 
ethanol, toluene, p-xylene, dodecane, methanol, ethyl acetate, hexane or 
dichloromethane strongly affected the reaction. The yield of nopol increased in parallel 
with the solvent polarity, indicating its importance in the reaction. Non-polar solvents 
showed a very low conversion of β-pinene on SZF catalyst when all other parameters 
were constant. In contrast, non-polar-aprotic solvents such as hexane, ethyl acetate and 
toluene improved the conversion of β-pinene as well as nopol selectivity. Toluene was 
found to be the best solvent in this study giving 88%  Nopol selectivity at 70% 
conversion.
144
  
 The amount of solvent influenced the Prins reaction to produce nopol catalysed by 
Sn-SBA-15. The amount of toluene was varied from 5 mL to 15 mL. At 9 ml of toluene, 
the conversion of β-pinene was 99.3% and the selectivity of nopol was 95.4%. When 
the amount of solvent was reduced to 5 mL, catalyst activity decreased to 55.4%, 
probably because the paraformaldehyde did not dissolve completely and therefore 
35 
 
reacted less with β-pinene. Conversely, increasing the amount of solvent up to 15 mL 
affected neither conversion nor selectivity.
156
  
 
1.8.2.3 The effect of substrate ratio  
The effect of β-pinene/PF ratio was studied in the presence of Sn-SAB-15 in toluene 
solvent at 90 °C. It was found that the conversion of β-pinene decreased at a 1:1 β-
pinene/PF ratio, whereas both conversion and selectivity increased at a 2:1 ratio.
159
 The 
same effect was noted when Sn-ken-A catalyst was used at 90 °C: 0.5:1 mmol ratio of 
β-pinene/PF gave 44% nopol yield, which decreased to 25% with a 2:1 mmol ratio.149  
 
1.8.2.4 The effect of catalyst amount  
Many studies have found that yields of nopol increase as the amount of catalyst is 
increased.
145, 148
  Jadhav et al.
144
 used from 2.5 to 3.4 wt% of catalyst with a 1:3 ratio of 
β-pinene/PF in toluene at 95 °C and report that the conversion of β-pinene increased as 
the amount of catalyst increased, 2.5 wt% of catalyst gave 56% of β-pinene conversion 
and with 3.4 wt% the conversion was 75%, while selectivity of nopol remained 
unchanged. 
 
1.8.2.5 The effect of catalyst calcination temperature  
The Prins condensation reaction to obtain nopol is affected by the catalyst calcination 
temperature. It has been noted that β-pinene conversion decreased as the calcination 
temperature increased. In this case, sulfated zirconia (SZ) was calcined at 650, 750 and 
850 °C in air at atmospheric pressure. The catalyst calcined at 650 °C showed the 
highest conversion of β-pinene (98%), compared with only 8% conversion when the 
catalyst was calcined at 850 °C and reaction conditions were unchanged.
151
 The 
explanation is that the SZ catalyst is most active in its tetragonal phase, which is 
predominant at lower temperatures, rather than in its monoclinic form.
160
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1.8.3 Catalysts for Prins condensation  
Prins condensation was carried out with β-pinene and paraformaldehyde at 90 °C using 
tin (II) hydroxychloride and toluene as solvent. In this reaction, Sn(OH)Cl achieved 
99% of nopol selectivity at 98% conversion, while SnO and SnO2 showed lower activity 
under the same conditions. Sn(OH)Cl2 was prepared by co-precipitation and 
characterised by techniques such as FTIR, XRD, 
1
H MAS NMR, TG-DTA, SEM, BET 
surface area and porosity. FTIR-pyridine showed that Sn(OH)Cl had a very large 
number of Brønsted acid sites on the catalyst surface compared with SnO and SnO2. 
The acidity of Sn(OH)Cl was also confirmed by 
1
H MAS NMR. The catalyst was 
efficient and had good recyclability, maintaining activity for at least three cycles.
147
  
 Opanasenko et al.
150
 investigated some metal organic frameworks over zeolite in the 
Prins condensation of β-pinene and paraformaldehyde in the liquid phase at 80-120 °C 
under atmospheric pressure.
140
 MIL-100(Fe) was the most active catalyst, giving 82% 
nopol yield in the presence of acetonitrile as solvent. However, at 120 °C, the yield of 
nopol increased to 87% with p-xylene as solvent. The researchers found that the β-
pinene/catalyst ratio affected nopol yield, which also increased as solvent polarity 
increased. The catalysts were used at least three times without any observed loss in 
activity. 
 Do and co-workers
146
 studied mesoporous catalyst Zr-SBA-15 platelets with 4-8 nm 
pore size distribution as a catalyst for Prins condensation of β-pinene and 
paraformaldehyde in the liquid phase. The reaction conditions were 0.5 g of catalyst, 
1 mmol of β-pinene, 2 mmol of paraformaldehyde and 5 ml of toluene as solvent at 
80-110 °C. The catalyst was characterised by N2 adsorption, TGA analysis, SEM and 
TPD ammonia. The results showed that the catalyst had strong Lewis sites and weak 
Brønsted acidity, which affected its activity and selectivity. Zr-SBA-15 showed 100% 
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nopol selectivity in 6 h reaction time. H-beta catalyst was also tested in the reaction and 
found to have only 4% nopol selectivity, because this catalyst has too strong Brønsted 
acidity. Therefore, Zr-SBA-15 has excellent selectivity probably because of an 
appropriate combination of Lewis and Brønsted sites on its surface. The used catalyst 
was regenerated by solvent washing and a hydrothermal H2O2 wash at 40 °C, after 
which it had 100% nopol selectivity at > 95% conversion.  
 Extra-large pore UTL zeolite, large-pore aluminosilicate zeolite beta and metal-
organic-framework Cu3(BETC)2 and Fe(BTC) were tested in the Prins reaction to 
produce nopol. X-ray diffraction and N2 (-196 °C) adsorption were used to determine 
the crystallinity, porosity and surface area of the catalysts, while pyridine adsorption 
and FTIR spectroscopy were used to determine properties such as the concentration of 
Lewis and Brønsted acid sites. The Prins reaction was carried out in the liquid phase 
with 0.2 g of catalyst at 80 °C. Typically, 4 mmol of β-pinene and 8 mmol of 
paraformaldehyde were added to 0.4 g of internal standard (mesitylene) and 10 ml of 
acetonitrile as solvent. Cu3(BETC)2 was the catalyst with the greatest surface area (1500 
m
2
g
-1
), while Fe(BTC) had a surface area of 1060 m
2
g
-1
 and contained a larger number 
of accessible active sites within MOF at the appropriate strength.
155
  
 Jadhav et al.
151
 studied nanosized sulfated zinc ferrite (SZF) to catalyse the synthesis 
of nopol from β-pinene and paraformaldehyde. Zinc ferrite was prepared by simple co-
precipitation, then sulphated by impregnating it with ammonium sulfate. The resulting 
catalyst was calcined at 470 °C, then characterised by techniques such as FTIR-pyridine 
and ammonia TPD to measure the acid sites. The catalyst was pre-treated at 200 °C for 
1 h, then the reaction was carried out in the liquid phase for 12 h. Five mmol of β-
pinene and 15 mmol of paraformaldehyde were added to 4 ml of toluene solvent and 
0.14 g of catalyst, then refluxed at 95 °C. The catalyst showed good activity and 
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selectivity, converting 70% β-pinene with 88% nopol selectivity. It is reported that 
increasing the reaction temperature to 110 °C improved conversion, but the selectivity 
decreased to 57%. The catalyst was recycled four times and no significant loss in the 
performance was observed.   
 Sn-MCM-41 was characterised by BET, XPS and H2-TPR and tested for nopol 
synthesis from β-pinene and paraformaldehyde by Prins condensation. The reaction was 
affected by various parameters. It was found that increasing catalyst concentration 
increased the rate of conversion but reduced the selectivity. The catalyst showed 95% 
selectivity of nopol after 6 h using ethyl acetate as solvent instead of toluene. The 
catalyst was regenerated twice by washing with acetone.
161
  
 Yadav et al.
145
 prepared ZnCl2-impregnated montmorillonite and tested it in the Prins 
reaction to obtain nopol. Prior to use, the catalyst was heated at 120 °C for 2 h. The 
reaction was affected by catalyst amount, reaction time, reaction temperature, β-pinene/
PF molar ratio and the type and amount of solvent. It was found that using acetonitrile 
gave a better conversion compared with toluene, because the polarity of the solvent 
affected the activity of the catalyst. The reaction was run at temperatures ranging from 
60 to 100 °C. At 80 °C, with a 1:2 molar ratio of β-pinene/PF and 0.1 g of catalyst, there 
was 75% β-pinene conversion. This fell to 64% when the temperature was increased to 
100 °C. Under the same conditions, the amount of catalyst was increased to 0.4 g and 
conversion was observed to increase from 75% to 90% with the same selectivity (97%).   
 Finally, mesoporous FePO4 was used in the Prins condensation of β-pinene and 
paraformaldehyde in the liquid phase to produce nopol. The catalyst was found to be 
active, environmentally benign and without toxic constituents. Acetonitrile was used as 
solvent under different conditions of temperature and amount of catalyst: temperature 
was varied in the range of 30-80 °C, with 0.01-1 g of catalyst. The ratio of β-pinene to 
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paraformaldehyde and reaction time were also studied. Under optimised conditions 
(5 mmol of β-pinene, 10 mmol of PF, 10 mL of acetonitrile and 1 g of catalyst at 80 °C) 
nopol yield reached 100% after 4 h and was stable for at least 6 h. The catalyst was 
reused five times and showed no loss in activity or nopol selectivity.
148
  
1.8.4 Mechanism of Prins condensation  
The mechanism proposal for Prins reaction over sulfated zirconia is illustrated in Figure 
1.8. It is proposed that reactant molecules are first adsorbed and coordinated to the Zr 
centre of the catalyst, then hydrogen is removed by the neighbouring oxygen and finally 
a C-C bond is formed. If the catalyst has a combined strong Lewis site and week 
Brønsted acid site, the catalyst becomes active in Prins condensation
151
. If, however, the 
catalyst has a very strong Brønsted acid site, the reaction tends to produce some isomers 
such as limonene and camphene.
146
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Figure 1.8 Proposed reaction mechanism for Prins condensation of β-pinene with 
paraformaldehyde over sulfated zirconia catalysts.
151
 
 
Alternatively, as Figure 1.9 shows in the case of the SZF-470 catalyst, it is proposed 
that paraformaldehyde interacts with Zn
2+
 on the catalyst surface to produce 
carbocations, which react with β-pinene, then nopol is formed by allylic transfer.144  
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Figure 1.9 Proposed mechanism of Prins condensation for nopol synthesis over SZF-
470 catalyst.
144
  
 
Yadav et al.
145
 proposed the pathway of Prins condensation reaction as shown in Figure 
1.10. First, the formaldehyde interacted with the ZnCl2 catalyst acid site and then the 
carbocation intermediate (A) formed followed by attacked β-pinene to form 
intermediate (B). Finally, the intermediate (B) decomposed and then nopol produced.  
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Figure 1.10 Proposed Prins condensation reaction pathway.
145
 
 
 
1.9 Objectives and thesis organisation 
Ketones are widely used in many applications, such as solvents, chemicals, household 
materials, fragrances and medicines, so their synthesis is very important. To date, 
research into the ketonisation of carboxylic acids on oxides catalysts has been carried 
out mainly on cerium oxide, titanium oxide and zirconium oxide. In this study, we 
examine the gas phase ketonisation of propionic and acetic acids over Zn-Cr oxides and 
silicalite.  
 Another target of this study is Prins condensation catalysed by metal oxides. It is 
expected to provide a clean, high-yielding route for the synthesis of nopol by the 
condensation of bio-renewable β-pinene with paraformaldehyde.   
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    The catalysts are characterised both chemically and physically using various 
techniques, including nitrogen adsorption for their texture and IR spectroscopy and 
DRIFTS to detect adsorbed pyridine and to determine active Brønsted and Lewis acid 
sites and the silanol groups which are formed on the catalyst surface. Other techniques 
used are XRD, for structural properties, inductively coupled plasma (ICP) atomic 
emission spectroscopy, elemental analysis (C, H analysis) and microcalorimetry.  
 Chapter 1 provides a general introduction to catalysis, its definition and history, and 
outlines the steps of heterogeneous catalysis. The preparation of Zn-Cr oxides and their 
properties are discussed. Recent literature on the ketonisation of carboxylic acids and 
the Prins condensation reaction is also reviewed.     
 Chapter 2 begins the experimental part of the thesis, describing some methods used 
in preparing the silicalite, zinc chromium and niobium oxide catalysts. All of the 
techniques used to characterise the catalysts used in this study are also explained in 
detail.  
 The results of catalyst characterisation techniques are then presented in detail in 
Chapter 3. It is important to elucidate the properties that correspond to the performance 
of catalysts in the ketonisation of carboxylic acids in the gas phase.   
 Chapter 4 reports an investigation of the catalytic activity of silica, silicalite and 
their modifications, in the ketonisation of propionic acid in the gas phase. The effects on 
this reaction of modifications to the silica and silicalite, temperature and reaction times 
are presented.  
    Chapter 5 reports an investigation of the catalytic performance of ZnO, Cr2O3, Zn-Cr 
oxides and Zn-Cr (10:1) supported catalysts in the gas-phase ketonisation of acetic and 
propionic acids. 
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 Chapter 6 reports experiments on the production of nopol by liquid phase Prins 
condensation over zinc and chromium oxide, zinc-chromium mixed oxide and niobium 
oxide catalysts. The effects of varying parameters such as type of solvent, amount of 
catalyst, substrates concentration, reaction temperature and reaction time are described. 
  Finally, Chapter 7 draws conclusions regarding the findings of the reaction 
studies and the characterisation of all catalysts used in this work.  
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Chapter 2  
Experimental 
 
 
2.1 Introduction 
This chapter describes the experimental processes that were followed in this study of the 
ketonisation of carboxylic acids using various solid heterogeneous catalysts. Silicalite 
was prepared and modified by treatment with acid and base aqueous solutions. Pure 
zinc and chromium oxides and zinc chromium mixed oxides in different ratios were also 
prepared. Mixed oxide catalysts supported on Al2O3, SiO2 and TiO2 were prepared and 
used in the deoxygenation of propionic and acetic acid in the gas phase. In addition, 
niobium oxide was prepared and calcined at different temperatures. This catalyst was 
used to produce nopol from β-pinene by the Prins reaction in the liquid phase. All of the 
catalysts were characterised by means of various techniques to determine properties 
such as their thermal stability, water content, surface area, porosity, crystallinity and 
acidity. FTIR-pyridine and ammonia adsorption, carbon and hydrogen analysis, and 
inductively coupled plasma atomic emission spectroscopy analysis were used to 
determine their elemental composition and impurities. The chapter also describes in 
detail a variety of reaction procedures and conditions for the gas phase deoxygenation 
of carboxylic acids and the liquid phase Prins condensation reaction, as well as GC 
calibration of the substrates and products obtained. Finally, the calculation of activation 
energy based on the conversion of carboxylic acids over Zn-Cr mixed oxide catalyst is 
detailed.  
 
59 
 
2.2 Chemicals and solvents 
All chemicals and solvents used in the preparation of catalysts, reaction testing and 
calibration were purchased from Aldrich
®
 unless stated otherwise and used as supplied 
without further purification. A number of amorphous silicas were purchased from 
Aldrich, Degussa, BDH and Grace. Most of these silicas were high purity powdered 
materials employed as catalyst supports and stationary phases in chromatography. 
Aerosil-300 was supplied by Degussa. Also tested were Grace Silica Catalyst Supports 
(grades 3 to 6) from Grace Catalysts & Carriers. The reactants used were propionic acid 
(99.0%), 3-pentanone (>99.0%), isopropanol (99.5%), acetic acid (99%) and acetone 
(99%). Dodecane (>99.0%) was used as a standard and 1,2-dichloroethane as a solvent 
for gas chromatography (GC). TEOS, TPAOH, Zn(NO3)2.6H2O, Cr(NO3)3.9H2O, 
Cu(NO3)2.3H2O, ammonia solution (>30%), ethanol (99.9%), NbCl5 (99%) and 
ZrOCl2.8H2O (98.0%) were used in preparing the catalysts. SiO2, γ-Al2O3 and TiO2 
(>98.0%) were used as catalyst supports (Aerosil 300, Titanoxid P25 and 
Aluminiumoxid C from Degussa). NH4-ZSM-5 (Si/Al = 180) was obtained from 
Zeolyst International as a commercial catalyst. Decane (99%) was used as a standard for 
GC for nopol synthesis in the liquid phase. β-pinene (99%), paraformaldehyde (powder, 
95%), nopol and acetonitrile were used in this reaction. All gases were supplied by the 
British Oxygen Company (BOC). Liquid nitrogen used in the BET and FTIR equipment 
was available at the Department of Chemistry, University of Liverpool.   
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2.3 Catalyst preparation  
2.3.1 Preparation of silicalite 
The literature describes several different procedures for the preparation of silicalite.
1-5
 
Here, the synthesis of crystalline silicalite was carried out according to Heitmann et al.
6
 
First, 5 g of TEOS, 10.70 g ethanol and 11.20 ml aqueous solution (10 wt%) of TPAOH 
were charged into a Teflon-lined autoclave and the mixture was stirred thoroughly for 2 
h without heating. The autoclave was then heated to 105 °C under autogenous pressure 
with stirring for 96 h. The powder was next washed with distilled water, filtered off, 
then dried at 110 °C for 16 h. Finally, the catalyst was calcined at 550 °C for 12 h in air, 
ground into a powder and sieved to a particle size of 45-180 μm.  
2.3.1.1 Silica and silicalite modification 
Both silica and silicalite were chemically modified via acid and basic procedures.
6
 For 
modification by acid, 5 g of silicalite was mixed with 100 g of 0.1 or 0.01 M of 
hydrochloric acid (HCl) aqueous solution and the mixture was stirred for 24 h at 100 °C 
with reflux cooling. For basic modifications, 5 g of catalyst was mixed with 3.7 M of 
aqueous ammonia (NH3(aq)) and 0.7 M of ammonium nitrate (NH4NO3(aq)) in a ratio of 
1:3. For further research and comparison, the catalyst was modified by 3.7 M of 
ammonia only. In both basic and acidic solutions, the mixture was stirred and heated at 
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°C in Teflon-lined autoclave for 1 h under autogenous pressure. Finally, the catalysts 
were filtered through a Buchner funnel, washed several times with distilled water and 
dried in an oven for 4 h at 110
 
°C. 
2.3.2 Preparation of ZnO, Cr2O3 and Zn-Cr mixed oxide catalysts 
Chromium oxide, zinc oxide and a series of Zn–Cr mixed oxides with Zn/Cr atomic 
ratios of 1:1, 1:6, 10:1, 20:1 and 30:1 were prepared by co-precipitation of Zn
II
 and Cr
III 
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hydroxides.
7-9
 The co-precipitation was carried out by adding 10 wt% aqueous ammonia 
dropwise to a stirred aqueous solution of a mixture of Zn
II
 + Cr
III 
nitrates ([Zn
II
] + [Cr
III
] 
= 0.2 M) at 70 ºC until pH = 7 was achieved, followed by aging the slurry for 3 h at 70 
ºC, as reported in the literature.
8, 9
 The precipitates were filtered off and washed with 
distilled water until ammonia-free. The catalyst was dried in air at 110 ºC overnight and 
finally calcined under nitrogen flow for 5 h at 300 ºC. The oxides were ground into a 
powder to particle sizes of 45-180 μm. For further study, the catalyst was calcined at a 
higher temperature in nitrogen for 5 h.  
2.3.3 Preparation of Zn-Cr oxide supported catalysts 
The Zn-Cr (10:1) and (1:6) catalysts were supported on Al2O3, TiO2 and SiO2. These 
were prepared by co-impregnation
10-12
 of Zn(II) and Cr(II) nitrate onto the supports. In 
this method the metal nitrates were dissolved separately in a minimum amount of 
distilled water, then poured onto the supports. The water was removed by rotary 
evaporation at 50 °C and drying completed in the oven at 110 °C overnight under air at 
atmospheric pressure.  Prior to use, the catalysts were calcined at 400 °C from 2 to 5 h 
in air to decompose the metal nitrates to metal oxides.  
2.3.4 Preparation of Nb2O5  
Niobium oxide was prepared as described in several articles.
13, 14
 In our work, NbCl5 
powder (5.0 g, 18.5 mmol) was dissolved in 10 ml of absolute ethanol. These amounts 
were then added dropwise into 200 ml of 0.3 M ammonia aqueous solution at room 
temperature to precipitate niobium hydrous oxide. The precipitate was stirred for 2 h, 
then filtered and washed many times with distilled water until chloride free. The product 
was dried in an oven at 100 ºC for 3 h and calcined at 110, 200, 300 and 500 ºC in air.  
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2.4 Catalyst characterisation techniques 
2.4.1 Surface area and pore size analysis 
There is a variety of reasons for measuring surface area, pore volume and pore size 
distribution in heterogeneous catalysts; their reactivity, conversion, selectivity and 
stability depend on these parameters. Depending on preparation methods and according 
to the IUPAC classification, the pore size of solid materials is divided into three 
groups:
15-20
 
Micropores < 2 nm and ultramicropores < 0.7 nm 
Mesopores between 2 and 50 nm  
Macropores > 50 nm.  
Heterogeneous catalysts commonly have a total surface area from 1 to 1000 m
2 
g
-1
 and 
an external surface area of 0.1-10 m
2
 g
-1
.
20
 In comparison, the total surface area of 
porous solid materials is much higher than the external surface area, because of the 
contribution of the porous cavity walls. Several techniques have been used to measure 
catalyst porosity, based on the physical adsorption of a gas on the solid material. 
 Nitrogen adsorption at boiling temperature (-196 °C)
21-24
 is a technique widely used 
to determine total surface area, pore volume and pore size distribution.
19, 20
 The total 
surface area and porosity of catalysts were measured by using Brunauer-Emmett-Teller 
(BET) method,
25 which was developed in the 1940s.20, 26 Catalyst surface area and pore 
texture can be calculated from the following BET equation:  
𝐏
𝐕(𝐏𝐨−𝐏)
 =
𝟏
𝐕𝐦𝐂
+ 
𝐂−𝟏
𝐕𝐦𝐂
 ×
𝐏
𝐏𝐨
 
 
In this equation, P is the equilibrium pressure, Po is the saturation pressure at the test 
temperature of 77 K, V is the gas volume adsorbed at pressure P, Vm is the volume of 
(2.1) 
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gas adsorbed on the monolayer and C is the BET constant. In this equation, P/Po should 
be between 0.05 and 0.35.
16
 Plotting P/(V  (Po-P)) versus P/Po, gives a straight line 
with the slope (C-1)/(Vm  C) and intercept 1/(Vm  C). Therefore, Vm can be calculated 
and used to determine the surface area, as shown in equation 2.2. 
 
                 As = σ Vm NA / Vo                              (2.2) 
 
where σ is the area covered by nitrogen molecule, NA is Avogadro’s number = 
6.023×10
23
 mole
-1
 and Vo is the nitrogen molar volume = 22.414 l.mol
-1
. 
 Mesoporous volume and mesopore size of the catalysts was calculated using the 
Barrett-Joyner-Halenda (BJH) method,
27 which is based on the Kelvin equation and 
describes mesoporous adsorption-capillary condensation.
20
 In this case, capillary 
condensation occurs when P/Po > 0.4 and when the pressure increases, the thickness of 
the adsorbed layer on the pore walls and the capillary condensation in the pores also 
increase, as given by the Kelvin equation: 
 
             𝐥𝐧 (
𝑷
𝑷𝟎
) =
−(𝟐𝜸𝒘𝒎𝑪𝒐𝒔𝜽)
𝑹𝑻𝒓𝒄
                           (2.3) 
 
where rc is the radius of pores, γ is the surface tension of liquid, wm is the molar volume 
and θ denotes the contact angle. The contribution of the thickness of the adsorbed film 
to the total adsorption and the pore volume can be calculated. From these values and 
assuming a particular pore geometry, the core volume is transformed into the pore 
volume and the core size into the pore size.  
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 The t-plot method, developed by de Boer et al,
28
 can be used to distinguish between 
the external surface area and the microporous surface area. Figure 2.1 depicts examples 
of the t-plots for non-porous, microporous and mesoporous solids.  
 
Figure 2.1  The t-plot shapes of N2 adsorption for non-porous, microporous and 
mesoporous materials.
20
 
 
Characterisation of silicalite (unmodified and modified), bulk and supported oxide 
catalysts used in this study was carried out on a Micromeritics adsorption apparatus 
model ASAP, which was available in our lab. Typically, 150-200 mg of sample was 
degassed under vacuum for 1 h at 150 °C in the furnace to dry the catalyst, then cooled 
under a dry nitrogen atmosphere. The catalyst was next evacuated at 250 °C until the 
pressure reached 8 μmHg, which usually took 2-3 h. The sample was allowed to cool to 
room temperature and gas pressure was allowed to reach equilibrium before subsequent 
dosing. After a series of successful nitrogen doses (55), analysis was performed in 
order to obtain sufficient information to plot an adsorption isotherm. Figure 2.2 shows 
the Micromeritics ASAP 2000 analyser which was used to measure the surface area and 
porosity of the catalysts. 
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Figure 2.2 Schematic of the Micromeritics ASAP 2000 instrument from the official 
brochure.
29
 
 
2.4.2 C, H, N analysis 
Determination of elements such as carbon, hydrogen, nitrogen and sulfur in organic 
compounds is one of the most important chemical applications.
30
 Typically, a 
milligram-sized sample was weighed, placed in the reactor and heated from room 
temperature to 1273 K under flowing helium gas, which was then temporarily enriched 
with pure oxygen, causing flash combustion to occur. The combustion quantities were 
obtained by passing the mixtures of gases to the GC detector. To allow further study of 
catalyst deactivation by coke formation and the effect of carbonaceous deposits on 
catalyst performance, combustion analysis was used to measure the C and H content of 
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some spent catalysts. Carbonaceous deposits on the surface of a catalyst can reduce its 
activity. Coke, which is always formed on the catalyst surface during hydrotreatment, 
can be soft or hard.
31
 In this work, the amount of coke was measured for all spent 
catalysts which were tested for a long time; for example, silicalite was tested for at least 
28 h time on stream in the deoxygenation of propionic acid in the gas phase. There was 
some reduction in catalytic activity with time of reaction. Moreover, C and H analysis 
was performed for supported mixed metal oxide catalysts used in the deoxygenation of 
carboxylic acids. The results were important, because they gave important information 
about catalyst deactivation. The reduction of catalyst activity or selectivity can be 
explained by the deposition of coke on the surface. The results of C and H analysis are 
given in section 3.8. Catalyst coke was measured using the Thermo Flash EA 1112 
series analyser in the Department of Chemistry at Liverpool University. 
 
2.4.3 Fourier transform infrared (FTIR) spectroscopy  
Fourier transform infrared (FTIR) spectroscopy has many applications in chemistry, 
such as obtaining structural framework information,
30, 32-34
 measuring stability and 
investigating the presence of Lewis (L) and Brønsted (B) active sites on the surface of 
catalysts. The L or B nature of acid sites can be determined by FTIR of adsorbed 
pyridine, as mentioned in several published articles.
8, 35-37   
 The region of bending and stretching vibration of infrared absorption lies between 
400 and 4000 cm
-1
 in the bonds of molecules. The intensity of absorption depends on 
the strength and chemical environment of the bonds, so information about the structure 
of a molecule can be obtained from the particular frequencies at which absorption 
occurs.  
 Diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy measures the 
infrared radiation which is reflected from the sample across the spectral region. The 
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reflectance intensity is plotted against wave number (λ). This can be shown in both 
absorption and transmission mode as a resulting spectrum. In this technique, mirrors are 
used to focus diffusely scattered light (Figure 2.3), which is then sent to a detector. 
Powder samples are particularly suitable for use in this technique. 
 
 
Figure 2.3 Schematic of the diffuse reflectance accessory. 
 
Silica and silicalite catalysts were used in this study, the fingerprint region of the 
spectrum (3100-4000 cm
-1
) being used to investigate the silanol groups as active sites 
on the surface of fresh catalysts. Before FTIR analysis, the catalyst was pretreated at 
300-500 °C for 1 h in N2 gas flow, under the same conditions as for the deoxygenation 
of propionic acid. Next, 5 mg of catalyst was mixed with 45 mg dry KBr powder
38
 and 
the mixture was thoroughly ground to create a diffusely scattering matrix that would 
reduce adsorption and thus increase the throughput of the beam to enhance the 
resolution of the analysis. Characterisation of silica (Aersil-300) and silicalite catalysts 
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by DRIFT spectroscopy revealed significant differences and gave important information 
regarding the active sites in the ketonisation of propionic acid at temperatures of 400-
550 °C.  
 Pyridine adsorptions on DRIFT spectra were obtained for pure zinc and chromium 
oxides, their mixtures and niobium oxide catalysts used in the ketonisation of acetic and 
propionic acids and in Prins condensation to form nopol. Catalyst samples were diluted 
to 10 wt% with KBr powder, pretreated at 150 °C/0.01 kPa for 1 h under vacuum to 
remove physisorption water, then cooled at room temperature under a dry N2 
atmosphere. The minimum amount of pyridine was next dropped onto each sample. The 
samples were exposed to pyridine for 1 h then the samples with pyridine were degassed 
again at 150 °C for 1 h under vacuum to remove the physisorbed pyridine. Finally, the 
samples were analysed and the B and L acid sites were determined in the regions of 
1540 and 1450 cm
-1
 respectively.
8, 35, 39
  
 For this purpose, DRIFT spectra were recorded on a Nicolet NEXUS FTIR 
spectrometer at room temperature and ambient pressure under dry N2 atmosphere using 
powdered catalyst mixtures with KBr. This equipment is available in our lab. 
   
 
2.4.4 Inductively coupled plasma atomic emission (ICP-AE) spectroscopy  
Most elements in the sample were present at low concentrations, in the part per billion 
range, which can be determined using plasma as an excitation source, since plasma, 
created by heating a gas such as argon at temperatures higher than 6000 K, has a high 
proportion of electrons and ions. This technique can detect a great number of elements 
in wide range of concentrations.
32
 The inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) apparatus consists of three concentric tubes, usually made of 
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silica, as shown in Figure 2.4. These are the outer tube, the inner tube and the central 
tube, which together comprise the ICP torch. 
 
 
Figure 2.4 An ICP torch. 
 
Before analysis, a 20 mg sample of catalyst is dissolved in an appropriate solution. In 
this case, it was dissolved in an aqua regia solution (HNO3 + HCl) (aq) and gently heated 
at 30 °C for some time. The solution then was diluted to 100 ml using distilled water in 
a standard flask and 5 ml of this solution was submitted for analysis. The ICP-AES was 
performed by G. Miller within the Department of Chemistry, University of Liverpool, 
using a Spectro Ciros emission spectrometer.  
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2.4.5 Powder X-ray diffraction (XRD) 
Powder XRD is an analytical technique which provides useful information about sample 
structures and phases, developed by Peter Debye, Paul Scherrer and Albert Hull.
40
 It is 
commonly used to determine the crystalline phase of materials. Each pure solid material 
has fingerprint of x-ray intensity and the powder diffraction method is suitable to 
characterise the crystalline phase. X-ray wavelengths are equivalent to the spaces 
between atoms in crystals, so x-rays pass through these materials to give characteristic 
diffraction patterns. This occurs when a fraction of the particles of crystalline material 
in the catalysts are orientated at the correct angle to the crystal plane, thus obeying 
Bragg’s law (equation (2.4):  
 
                  2d sin θ = n λ                                        (2.4) 
 
In this equation, n is the order of reflection, λ is the incident x-ray wavelength, d is the 
lattice planar spacing and θ is the diffraction angle. 
 Here, we used XRD to study crystal structures and matched them with authentic 
materials, because it was very helpful to compare our silicalite samples with authentic 
ones. The technique is also important when active groups are formed on the surface of 
catalysts. Typically, the powdered sample was placed on a sample holder and exposed 
to x-radiation at room temperature by transmission or reflection methods. The sample 
was ground to a fine powder and a suitable disk was used for analysis. The pattern was 
recorded in the range of 2θ between 10 and 80° on a Bruker D8 Advance diffractometer 
in Bragg-Brentano geometry equipped with a Ge monochromator giving Cu Kα 
radiation (λ = 0.154 nm), which is available in the Department of Chemistry at 
Liverpool University. 
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2.4.6 Differential scanning calorimetry (DSC) 
Figure 2.5 shows a SETARAM TG-DSC 111 differential scanning calorimeter. 
Thermogravimetric DSC is an analytical technique most commonly used for catalyst 
characterisation.
41
 It is important for determining acid or basic properties such as the 
number of acid sites and their strength. Physical and chemical transformations of 
catalysts such as crystallisation, phase changes, sublimation, adsorption, desorption, 
decomposition, oxidation, reduction, surface reactivity and calcination can be studied.
42
 
Typically, the ammonia pulse chemisorption method
41
 is used, which was used here to 
determine the acid sites of the catalysts. 
 The DSC is designed around two open refractory tubes, crossing a heating furnace. A 
detection unit placed between the tubes is designed according to the Calvet principle. 
The sample cell is placed in the furnace and connected to the balance and the reference 
sample is placed on the other side of the furnace, as Figure 2.5 shows. The gas flow 
system is equipped with a pressure regulator.  
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Figure 2.5 TG-DSC schematic cross section.
43
  
 
In this project, a 100 mg catalyst sample was pre-treated at 380 °C for 1 h with a 
temperature ramp rate of 5 °C min
-1
 under N2 gas at a flow rate of 30 ml min
-1
 to 
eliminate water molecules. The programmed temperature was reduced to 150 °C and 
held for about 2 h until the sample weight stabilised. The analysis was then started by 
pulsing ammonia consecutively, with N2 as the carrier gas. After injection, sufficient 
time (30 min) was allowed for ammonia adsorption to be completed and equilibrium to 
be reached. The weight gained and the corresponding heat of ammonia adsorption were 
recorded. 
 
 
2.4.7 Microcalorimetry                                    
Calvet calorimetry is one of the most important techniques for measuring thermal 
phenomena in chemical reactions. In this study, a Setaram C80 heat flux Calvet type 
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microcalorimeter was used to measure the heat of adsorption of ammonia and carbon 
dioxide on mixed oxide catalysts. Each sample was pre-treated at 200 °C then set up in 
the microcalorimeter and it usually took 90 minutes to stabilize before analysis began.   
  The setup consisted of two stainless steel cells, one for the sample and another for 
reference, both located in the calorimetric block, (Figure 2.6).  
 
                 
 
 
 
 
 
 
 
Figure 2.6 Setaram C80 gas circulation cell.
44
 
 
Each fresh catalyst oxide sample (500-1000 mg) was pre-treated at 200 °C under 
vacuum for 1 h and cooled at room temperature. The analysis was then performed in the 
isothermal mode of operation at 150 °C for 90 minutes under dry nitrogen atmosphere 
and ammonia was injected every 30 minutes. The heat of ammonia adsorption was 
calculated as per mole of ammonia uptake. 
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2.4.8 Thermogravimetric analysis (TGA) 
The principle of TGA relies on changes in the weight of a sample as the temperature 
increases. Weight may change as a result of chemical or physical reactions, such as loss 
of water or other volatile components, or the decomposition temperature being reached. 
The measurement of water content can help in the preparation of catalysts, because the 
quantity of some hydrated salts, such as chromium and zinc nitrates, must be accurately 
determined when preparing metal oxide catalysts. A TGA instrument is equipped with a 
sensitive balance and sample container placed inside a furnace under gas flow of 
nitrogen or air. A derivative thermogravimetric curve shows the point at which weight 
is lost, as Figure 2.7 shows. TGA is a useful technique for many purposes, such as 
studying the thermal stability of a solid sample or determining its water content.  
   TGA of a 20-50 mg sample was carried out on a Perkin-Elmer TGA 7 instrument 
available in our lab, under nitrogen flow at a heating rate of 20 ºC min
-1
 to raise the 
temperature from room temperature to 700 ºC. Figure 2.8 shows a Perkin Elmer 
thermogravimetric analyser. 
 
Figure 2.7 TG for fresh Co-Mo/Al2O3 catalyst (heating rate: 20 ºC/min). 
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Key 
1) Quartz hangdown wire link 
2) Platinum hangdown wire kit 
3) Platinum stirrup kit 
4) Platinum sample pan kit 
5) Balance tare weight 
6) O-ring 
7) Extension tube 
8) Sample thermocouple 
9) Furnace 
10) Flexible Teflon TM tubing.  
 
Figure 2.8 Perkin Elmer TGA 7 instrument.  
 
2.5 Catalyst testing 
2.5.1 Product analysis 
In both gas and liquid phase catalytic reactions, gas chromatography was used to 
separate and quantitatively analyse products. However, the temperature and pressure 
used in GC analysis differ between products in the gas and liquid phases. Here, we used 
three different columns: one to analyse gas phase products in the deoxygenation of 
carboxylic acids, the second to analyse the light gas by-product and the third to analyse 
liquid phase samples in the Prins condensation reaction to produce nopol. Because of 
76 
 
the importance of this part, the GC conditions, the response factors (Rf) and the 
calculation of the conversion and selectivity of products are explained here in detail.  
 
 
2.5.1.1 Gas chromatography (GC) 
GC is an extremely important analytical technique for the detection, identification and 
quantitation of trace substances in the fields of chemistry, biology and medicine. In this 
case, the mixture of volatile compounds was transported in a gas stream with an inert 
carrier gas (N2, He, Ar or H2),
45, 46
 passing as a mobile phase through the GC column at 
different speeds, depending on their boiling points and solubility. Figure 2.9 shows the 
setup of a typical GC, while Figure 2.10 shows the GC setup for this study.  
 
 
 
Figure 2.9 Schematic diagram of a typical GC. 
Data output 
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Figure 2.10 Varian 3800 gas chromatograph with Varian Star Software equipped with 
ZB-WAX capillary column and a flame ionization detector.  
 
In order to analyse the sample, the compounds were measured as they emerged from the 
column using a flame ionisation detector (FID), as shown the Figure 2.11. This widely 
used type of detector is highly sensitive and responsive to most organic compounds. 
The effluent from the column was mixed with hydrogen and air and burnt at a small 
metal jet to form ions in proportion to the concentration of ions derived from the 
solutes. The electrical conductivity of the flame and the current were measured to 
determine these proportions. 
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Figure 2.11 Flame ionisation detector.
47
 
 
 
The column was fitted with an injection port at one end and a detector at the other. A 
split/splitless injector was used to introduce the samples into the column, which was 
always maintained above the evaporation temperature of the sample. The samples were 
introduced using a standard microlitre syringe through a septum into the vaporizing 
chamber. This type of injector, as illustrated in Figure 2.12, comprises a heated chamber 
containing a glass liner into which the sample is injected through the injection septum. 
The chamber is heated independently of the chromatographic oven. The injected sample 
vaporizes rapidly to form a mixture of carrier gas, solvent vapour and vaporized solutes. 
A portion of this vapour mixture passes into the column, while a greater volume leaves 
through the split valve outlet.  
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Figure 2.12 Split/splitless vaporising injector.
47
 
 
 
2.5.1.2 Product calibration 
Several different methods may be used to calibrate GC products, the most common 
being the internal and external standard. A known concentration of a standard 
compound, which should be very close to the compound under analysis, is added to the 
mixture of analyte and solvent. The ratios of peak areas of compounds depend on their 
concentrations, not on the amount injected, and the concentration of the amount injected 
can be calculated using the following equation:  
M/Mo = Rf × S/So                       (2.5) 
M/Mo is the molar ratio of the compound being analysed to that of the standard, plotted 
against S/So, which is the ratio of the area counts of compound and standard. Rf  is the 
calibration factor or response factor, obtained from the calibration.  
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The molecular weights, boiling points, retention times and calibration factors for all 
components used in the deoxygenation of carboxylic acids are given in Table 2.1. 
 
Table 2.1 Molecular weights, boiling points, GC retention times and calibration factors 
for all compounds involved in the gas-phase deoxygenation of propionic, acetic and 
pentanoic acids using Varian 3800 ZB-WAX capillary column. 
Compound M wt 
(g/mol) 
Boiling 
points 
(°C) 
Retention 
time (min) 
Calibration 
factor
a
 
Calibration 
factor
b
 
Light gas   0.60-0.65   
Propionic acid   74.08 141 7.40 1 - 
3-Pentanone   86.13 100 1.74 1.27 - 
Propionic anhydride 130.14 167 6.16 1 - 
2-propanol   60.09   82.5 1.28 1.31 - 
Acetone   58.10   56 0.93 1.10 1.51 
Acetic acid   60.05 118 6.78 - 1 
Pentanoic acid 102.13  186-187 8.73 1
c
 - 
5-Nonanone 142.24 186-187 5.86 1.29
c
 - 
 
a Calibration factor relative to propionic acid. 
b 
Calibration factor relative to acetic acid. 
c
 Calibration factor relative to pentanoic acid. 
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Table 2.2 Molecular weights, boiling points, GC retention times and calibration factors 
for the light gases involved in the gas-phase deoxygenation of propionic, acetic and 
pentanoic acids using Varian 3800 GC-Gas Pro capillary column.
a
 
Compound M wt 
(g/mol) 
Boiling 
points 
(°C) 
Retention 
time (min) 
Effect 
carbon 
number 
Calibration 
factor 
Methane 16.04 -164 4.40 1.0 1.0 
Ethane 30.07   -89 4.70 2.0 0.50 
Ethene 28.05 -103 4.77 1.9 0.53 
Propene 42.08   -47 5.85 2.9 0.34 
a 
Column B; calibration factors were estimated using the effective carbon-atom 
number.
48
  
 
Figures 2.13 to 2.20 show the calibrations relative to the response factors for all of the 
substrates used in this study and the products obtained.  
 
 
Figure 2.13   Calibration for propionic acid with dodecane as standard. 
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Figure 2.14   Calibration for 3-pentanone with dodecane as standard. 
 
 
Figure 2.15 Calibration for propionic anhydride with dodecane as standard. 
 
y = 3.6406x - 0.2707 
R² = 0.9952 
0
2
4
6
8
10
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
M
/M
o
 
S/So 
y = 3.5216x + 0.755 
R² = 0.9944 
0
2
4
6
8
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
M
/M
o
 
S/So 
83 
 
 
Figure 2.16 Calibration for 2-propanol with dodecane as standard. 
 
 
Figure 2.17 Calibration for acetic acid with dodecane as standard. 
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 Figure 2.18 Calibration for acetone with dodecane as standard. 
 
 
Figure 2.19 Calibration for pentanoic acid with dodecane as standard. 
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Figure 2.20 Calibration for 5-nonanone with dodecane as standard. 
 
 
Typical traces for the gas phase deoxygenation of carboxylic acids are given in Figures 
2.21 to 2.23, while column detector temperatures and pressure conditions are given in 
Figures 2.24 to 2.27. 
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Figure 2.21 GC traces for deoxygenation of propionic acid in the gas phase over 0.2 g 
of silicalite modified by 0.7 M NH4NO3(aq) + 3.7 M NH3(aq) at 500 °C and 20 ml min
-
1 
N2.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.22 GC traces for deoxygenation of propionic acid in the gas phase over 0.2 g 
of Zn-Cr (10:1) at 380 °C and 20 ml min
-1
 N2.  
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Figure 2.23 GC traces for deoxygenation of acetic acid in the gas phase over 0.2 g of 
Zn-Cr (10:1) at 350 °C and 20 ml min
-1
 N2.  
 
 
. 
 
 
 
 
 
Injector spilt ratio = 12, temperature = 300 °C 
FID temperature = 300 °C 
Figure 2.24 Varian 3800 ZB-WAX capillary column temperature programme and 
injector and detector conditions used in the deoxygenation of carboxylic acids. 
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Injector spilt ratio = 12, temperature = 300 °C 
FID temperature = 300 °C 
 
Figure 2.25 Varian 3800 ZB-WAX capillary column pressure programme and injector 
and detector conditions used in the deoxygenation of carboxylic acids. 
 
 
 
 
 
 
 
 
 
 
 
Injector spilt ratio = 12, temperature = 300 °C 
FID temperature = 300 °C 
 
Figure 2.26 Varian 3800 GC-Gas Pro capillary column temperature programme and 
injector and detector conditions used in the deoxygenation of carboxylic acids. 
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Injector spilt ratio = 12, temperature = 300 °C 
FID temperature = 300 °C 
 
Figure 2.27 Varian 3800 GC-Gas Pro capillary column pressure programme and       
injector and detector conditions used in the deoxygenation of carboxylic acids. 
 
 
For the liquid phase synthesis of nopol by the Prins reaction, molecular weights, boiling 
points, retention times and calibration factors for all components are given in Table 2.3. 
 
Table 2.3 Molecular weights, boiling points, GC retention times and calibration factors 
for all compounds involved in the liquid phase condensation of β-pinene to produce 
nopol. 
 
 
 
Compound M wt 
(g/mol) 
Boiling 
point 
(°C) 
Retention 
time (min) 
Calibration 
factor 
β- pinene 164-166 136 4.61 1.4 
Nopol 166 230-240 7.91 1.8 
Dodecane 170 216 7.27 1.0 
13.5 psi 
0.5 min 
1.02 psi min-1 
18.6 psi 
2 min 
1.02 psi min
-1
 
21.2 psi  
10 min 
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Figure 2.28 GC traces for liquid phase synthesis of nopol by Prins reaction over Zn-Cr 
(1:6), 0.1 g of catalyst, 80 °C, 5 ml of acetonitrile and 30 ml of paraformaldehyde with 5 
mmol of β-pinene and 6 h time on stream.  
 
 
 
 
 
 
Injector spilt ratio = 11, temperature = 160 °C 
FID temperature = 250 °C 
 
Figure 2.29 Varian Star 3400 CX instrument with a 30 m x 0.25 mm x 0.25 μm 
ZB-1701 capillary column and FID, and injector and detector conditions used in the 
Prins condensation of β-pinine to nopol. 
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2.5.1.2.1 Gas phase reaction 
The gas-phase ketonisation of propionic acid was performed in flowing N2 at 
300-550 °C under atmospheric pressure in a downflow quartz fixed-bed reactor 
(9 mm ID) with online GC analysis (Varian 3800 instrument with 30 m x 0.32 mm x 0.5 
μm Zebron ZB-WAX capillary column and FID). The diagram of the reactor setup used 
in the gas-phase ketonisation reaction is shown in Figure 2.30. For more accurate 
analysis of C1-C5 hydrocarbon products, a 60 m x 0.32 mm GC-Gas Pro capillary 
column was used, which allowed for full separation of these hydrocarbons. The 
temperature in the reactor was controlled by a Eurotherm controller using a 
thermocouple placed at the top of the catalyst bed. Propionic acid was fed by passing 
the carrier gas flow controlled by a Brooks mass flow controller through a stainless steel 
saturator, which held liquid propionic acid at an appropriate temperature to maintain the 
chosen reactant concentration. The downstream gas lines and valves were heated to 180 
°C to prevent substrate and product condensation. The reactor was packed with 0.2 g 
catalyst powder of 45-180 μm particle size. Typically, the reaction was carried out at a 
propionic acid concentration of 2 vol% and an N2 flow rate of 20 ml min
-1
 (contact time 
W/F = 4.0 h g mol
-1
, where W is the catalyst weight (g) and F the total molar flow rate 
(mol h
-1
)). Prior to reaction, the catalysts were heated at the reaction temperature in N2 
flow for 1 h.  Once the reaction had started, the downstream gas flow was analysed by 
the on-line GC to obtain reactant conversion and product selectivity. The selectivity is 
defined as moles of product formed per one mole of propionic acid converted and 
quoted in mole per cent (mol %). On the other hand, CO and CO2 were not quantified 
and not included in the reaction selectivity.  
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Figure 2.30 Diagram for a continuous flow fixed-bed reactor for ketonisation of 
carboxylic acids in the gas phase.  
 
Key 
 
(1) Brooks mass flow controller. 
(2) 3-way valve. 
(3) Saturator containing liquid substrate. 
(4) Temperature-controlled water bath. 
(5) Stirring hotplate. 
(6) Bypass. 
(7) Thermocouple. 
(8) Eurotherm temperature controller. 
(9) Furnace. 
(10) Quartz tubular reactor.  
(11) Catalyst bed. 
(12) Glass wool. 
(13) Valco multiposition sampling valve. 
(14) Product trap. 
(15) Online Varian gas chromatograph. 
(16) Computer. 
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2.5.1.2.2 Liquid phase reaction 
Prins condensation was carried out in a glass reactor equipped with a magnetic stirrer 
and a reflux condenser. Figure 2.31 shows the equipment setup for the liquid phase 
synthesis of nopol by Prins condensation reaction. In a typical run, the reactor was 
charged with β-pinene (5 mmol), paraformaldehyde (10-30 mmol HCHO), acetonitrile 
solvent (5-10 ml) and a catalyst (100-500 mg) and placed in an oil bath heated to 80 °C. 
The reaction was followed by GC (Varian Star 3400 CX with a 30 m x 0.25 mm x 0.25 
µm ZB-1701 capillary column and an FID) by taking aliquots of the reaction mixture at 
appropriate time intervals and using dodecane as a GC standard. The product nopol was 
identified by GC using a standard nopol sample from Sigma-Aldrich. The mass balance, 
defined as nopol yield/β-pinene conversion, was 1.00±0.04, i.e. complete within 96%. 
After reaction with Zn-Cr (1:6), pure nopol was isolated as colourless oil. The isolation 
procedure comprised filtration of the catalyst from the reaction mixture, rotary 
evaporation of acetonitrile solvent, extraction of the product from oily residue with 
hexane, followed by column chromatography separation of nopol using silica gel as 
stationary phase and hexane as the mobile phase. Unreacted paraformaldehyde could be 
recovered from the residue and recycled. 
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Figure 2.31 Equipment setup for liquid phase synthesis of nopol by Prins reaction. 
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2.6 Calculation of reaction results 
2.6.1 Gas phase  
In the gas phase acid ketonisation processes, the total conversion, the yield for each 
individual product and the selectivity of product were calculated by using equations 2.5, 
2.6 and 2.7.
49
  Here, the values for moles of product formed per mole of substrate 
converted are quoted in mol %. 
 
Acid conversion (%) =
Moles of acid reacted
Moles of acid fed
× 100                                       (2.5)                         
Product yield (%) =
Moles of acid converted to product
Moles of acid fed
× 100                        (2.6)                                    
Product selectivity (%)  =
Product yield
Acid conversion 
× 100                                          (2.7)                         
 
2.6.2 Liquid phase  
In the liquid phase reaction, conversion, yield and selectivity of nopol were calculated 
as in the following equations. 
Conversion (%) =
Moles of  β˗pinene converted
Moles of β˗pinene fed
 ×  100                                  (2.8)                   
Yield of nopol (%) =
Moles of nopol formed 
Moles of β˗pinene fed
 ×  100                                      (2.9)                                
Selectivity of nopol (%) =
yield of nopol
conversion of β˗pinene 
 ×  100                            (2.10)        
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2.6.3 Activation energy of ketonisation of carboxylic acids                       
The reaction activation energy, Ea, of the ketonisation of carboxylic acids was measured 
under differential conditions at an acid conversion ˂ 10%. The Zn-Cr (10:1) catalyst 
was diluted with silica, using 0.16 g of Aerosil-300 to 0.04 g of catalyst. Under 
differential conditions (conversion <10%), the reaction rate becomes approximately 
linearly proportional to the change in conversion. Therefore, the activation energy can 
be calculated directly from the incremental change in conversion.
50
 The activation 
energy was calculated using the Arrhenius equation (Equations 2.11 and 2.12).  
 
𝑘 = 𝐴𝑒
−𝐸𝑎
𝑅𝑇                                           (2.11) 
 ln(𝑘) =
−𝐸𝑎
𝑅
×
1
𝑇
+ ln (𝐴)                          (2.12) 
 
Here, k is the reaction rate constant, A is the pre-exponential factor, Ea is the activation 
energy, R is the gas constant and T is the absolute temperature. A plot of ln(conversion) 
against 1/T gives a straight line, from which the activation energy can be determined 
under differential conditions, acid conversion can be used instead of rate constant. Thus, 
when the conversion log was plotted against the inverse of the temperature (K) and a 
straight line drawn through the plots, the gradient of this line represented –Ea/R, from 
which the activation energy could be deduced.
29
 In this study, the activation energy for 
the deoxygenation of propionic acid in gas phase over Zn-Cr (10:1) is presented in 
Chapter 5, section 5.4. 
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Chapter 3 
Catalyst characterisation 
__________________________________________ 
 
3.1 Introduction 
In this chapter, catalyst characterisation results are presented and discussed. A wide 
range of catalyst characterisation techniques were used for bulk and surface analysis. 
Catalyst texture features such as surface area, porosity and pore size were measured 
using the BET technique. Catalyst stability and temperature evolution were measured 
by TGA, while XRD was used to measure crystallinity and phase composition. Finally, 
the nature and strength of acid sites were investigated using methods such as infrared 
(IR) spectroscopy of pyridine adsorption, chemisorption, DSC and microcalorimetry.  
 
3.2 Surface area and porosity studies 
3.2.1 Introduction 
The measurement of physisorption of nitrogen at 77 K provides very useful data from 
which information about a catalyst’s surface area and porosity can be obtained. For the 
characterisation of catalyst texture, the volume of N2 adsorbed is plotted against its 
relative pressure to generate the N2 adsorption isotherm. According to the IUPAC 
classification, there are six types of adsorption isotherm, depending on the porous 
texture of individual solid materials.
1-5
 Four such isotherms are commonly exhibited by 
real surfaces in catalyst characterisation,
5
 as Figure 3.1 shows. Types I, II, IV and VI 
isotherms are representative of microporous, macroporous, mesoporous and uniform 
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ultramicroporous solids respectively. Types II and IV are discussed in detail because 
they are applicable to the catalysts prepared in this study.   
 
   
 
Figure 3.1 The four types of adsorption isotherm found in N2 adsorption.
5
 
 
 In macroporous solids (Type II), the formation of the adsorption monolayer is the 
main process at low relative pressure, whilst the formation of adsorption multilayers 
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occurs at high relative pressure. The adsorbate thickness increases with time until the 
condensation pressure is reached. A strong interaction between adsorbate and adsorbent 
causes the pressure of the first monolayer formation to be lower. However, the 
formation of the adsorption monolayer and multilayer processes always overlap. 
In mesoporous solids (Type IV), the same formation process with regard to the 
adsorption monolayer occurs at low relative pressures, while at high relative pressures 
the formation of adsorption multilayers occurs until condensation takes place, giving a 
sharp increase in the observed volume of the adsorption gas physisorbed. The larger the 
mesopores present in the material, the higher the relative pressure at which this process 
occurs. Adsorption continues as mesopores are filled. Many common catalysts belong to 
this class of solids. 
 When the adsorbate reaches saturation, desorption takes place by evaporating the 
adsorbate from the solid surface and pores. However, in mesoporous solids, this process 
takes place at lower pressures than in macroporous solids, giving rise to capillary 
condensation and to a hysteresis loop. Figure 3.2 shows the four hysteresis types that 
have been recognized in terms of the IUPAC classification.
5
 
 Types H1 and H2 hysteresis isotherms occur respectively when the sample pores are 
uniform and non-uniform in size, and are formed when the solid materials consist of 
particles crossed by closely cylindrical channels or made by aggregates (consolidated) 
or agglomerates (unconsolidated) that are spheroidal in shape. These hystereses are due 
to a different size of pore bodies (e.g. ink-bottle shaped pores) and pore mouths or to a 
different behaviour in terms of adsorption and desorption in near-cylindrical pores. 
Many common mesoporous catalysts exhibit Type H1 and H2 hysteresis adsorption 
isotherms.
5
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 Types H3 and H4 hysteresis occur when the sample pores are uniform (H4) or non-
uniform (H3) in size, and are produced with solid materials consisting of aggregates or 
agglomerate particles forming slit-shaped pores (plates or edged particles analogous to 
cubes). These hystereses are due to differences in adsorption and desorption behaviour. 
Active carbon and zeolites are typical examples of catalysts that generate these types of 
hysteresis isotherms. Furthermore, when solid materials possess blind cylindrical, cone-
shaped and wedge-shaped pores, no hysteresis isotherm will be formed. However, due 
to the usual irregular catalyst pores, only solids with a much reduced hysteresis loop 
will be observed.  
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   Figure 3.2 The four hysteresis shapes usually observed with N2 adsorption.
5
 
 
The total surface area of the catalysts prepared here was calculated using the BET 
method,
6
 while pore size distribution and total pore volumes were determined using the 
BJH method.
7
 The general procedure for the measurement of surface area and porosity 
is described in detail in section 2.4.1. The results of the BET surface areas and the 
porosities of all the catalysts used in this project are discussed in detail. Zn-Cr oxide 
catalysts vary in surface area, depending on the catalyst composition (amorphous or 
crystalline) and on the preparation method, while the calcination temperature may also 
affect surface area measurements.
8-15
 For niobium oxide catalysts, the surface area 
depends on the calcination temperature, so differences can clearly be seen between 
those calcined at low temperatures and others calcined at high temperatures, as shown in 
section 3.2.4.    
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3.2.2 Surface area and porosity of silicalite    
The surface area and porosity of silicalites have been discussed by several authors.
16-23
 
Table 3.1 summarises textural features (surface area, pore diameter and pore volume) of 
the amorphous silica and silicalite fresh and spent catalysts used in this study, measured 
by the BET method and N2 adsorption isotherms. Prior to BET analysis, all the catalysts 
were degassed for 30 minutes at 90 °C under slow vacuum, followed by degassing for at 
least 4 h under fast vacuum. 
Table 3.1 Catalyst characterisation      
 
Catalyst  SBET
a
  
(m
2 
g
-1
)  
Pore volume
b
  
(cm
3 
g
-1
)  
Pore size
c
  
(Å)  
Aerosil-300
d
  296  1.15   156  
Silicalite  379  0.23     24  
Silicalite modified by NH3(aq)/NH4NO3  364  0.23     26  
Silicalite modified by NH3(aq)/NH4NO3
e
  333  0.19      23  
a 
BET surface area.  
b 
Single point total pore volume. 
c 
Average BET pore diameter.  
d
Aerosil-300 was wetted to form a gel then oven dried at 110°C and ground to a powder 
of 45-180 μm particle size. 
 e 
Spent catalyst after 28 h reaction at 500 °C.  
 
Table 3.1 shows that the fresh unmodified silicalite catalyst had a surface area of 379 m
2 
g
-1
, while the value for the basic modified one was 364 m
2 
g
-1
. The pore sizes of the 
unmodified and basic modified silicalites were 24 and 26 Å respectively. It can be 
concluded that the texture of silicalite was not changed by the chemical treatment 
applied. However, the values of surface area and pore size for spent catalyst after the 
ketonisation of propionic acid at 500 °C, 1 bar for 28 h time on stream (TOS) and 
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20 ml min
-1
 of N2 were 333 m
2 
g
-1
 and 23 Å respectively. The results also show that the 
surface area decreased slightly when catalysts were spent. This occurs because of coke 
deposited on the catalyst surface, which amounted to 6.6 wt% as determined by  C, H, 
N analysis.
23
 Coke can be removed by aerobic gasification at 450-500 °C, allowing full 
recovery of catalyst activity. The amount of coke can be measured using the 
thermogravimetric (TG)-FTIR method, whereby gases from a sample placed in the 
furnace are transferred to the flow cell of an FTIR spectrometer by purge gas. The IR 
intensity of CO2 gas, for example, is measured as a time function and a chromatogram 
displayed. The integration of the chromatogram of the sample is compared to a standard 
sample, allowing calculation of the amount of coke deposition on the catalyst.
24
  
 Figures 3.3, 3.4 and 3.5 display N2 adsorption/desorption isotherms for fresh and 
spent silicalite catalysts. The fresh unmodified silicalite exhibited a reversible isotherm 
typical of microporous materials with small mesoporous. The isotherm for the fresh 
sample modified with NH3(aq) + NH4NO3(aq) shown in Figure 3.4 is slightly different 
from that of the unmodified silicalite, with a hysteresis at a lower P/Po of 0.1-0.3, results 
which are in agreement with a previous report.
22
 This may be explained by the 
formation of framework defects (silanol nests) on the silicalite catalyst. The spent 
modified catalyst (Figure 3.5) behaved similarly, with minor differences from the fresh 
sample, probably caused by coking, as mentioned above. 
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Figure 3.3 Nitrogen adsorption and desorption isotherms for fresh unmodified silicalite. 
 
 
 
Figure 3.4 Nitrogen adsorption and desorption isotherms for fresh silicalite modified 
with NH3(aq) + NH4NO3. 
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Figure 3.5 Nitrogen adsorption and desorption isotherms for spent silicalite catalyst 
modified with NH3(aq) + NH4NO3 (after reaction at 500 °C, 28 h TOS). 
Figure 3.6 shows the mesopore size distribution of fresh unmodified and fresh modified 
silicalite catalysts, derived from BJH analysis of the desorption isotherm. The isotherm 
of basic modified silicalite shows a sharp peak at about 30 Å diameter and another 
broader peak at 50 Å, while that of the unmodified silicalite has a smaller peak at 25 Å.  
 
 
 
Figure 3.6 Pore size distribution for fresh silicalite catalyst: a) unmodified, b) basic 
modified by 3.7 M NH3(aq) + 0.7 M NH4NO3 (aq).  
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3.2.3 Surface area and porosity of Zn-Cr oxide catalysts 
3.2.3.1 Surface area and porosity for bulk Zn-Cr oxide catalysts 
Surface areas, pore diameters and pore volumes from the N2 physisorption isotherms for 
the catalysts containing bulk and supported zinc and chromium oxides are presented in 
Table 3.2, while the BET isotherms and pore size distributions for the Cr2O3, ZnO and 
Zn-Cr mixed oxide catalysts used in this study are presented in Figures 3.7 to 3.12. It 
can be seen that the surface area of the Cr-rich oxides increased significantly as Cr 
content increased.
13, 25
  
Table 3.2 BET results for zinc, chromium and Zn-Cr mixed oxides 
Catalyst
a
 SBET
b
 
(m
2 
g
-1
) 
Pore volume
c
  
(cm
3 
g
-1
) 
Pore size
d
  
(Å) 
Cr2O3 243 0.26   42 
Zn-Cr (1:6) 230 0.32   55 
Zn-Cr (1:1) 136 0.11   32 
Zn-Cr (3:1) 101 0.10   56 
Zn-Cr (10:1)   43 0.10   90 
Zn-Cr (20:1)   13 0.03   87 
Zn-Cr (30:1)   10 0.02   86 
ZnO   12 0.03   98 
 
a 
Bulk oxides calcined at 300 
o
C under N2 for 5 h. 
b 
BET surface area. 
c 
Single point total pore volume. 
d 
Average BET pore diameter. 
 
The amorphous Cr-rich oxides had larger surface areas (136-243 m
2
g
-1
) and pore 
volumes (0.11-0.32 cm
3 
g
-1
) but smaller average pore diameters (32-42 Å) than the 
crystalline Zn-rich oxides (10-43 m
2 
g
-1
, 0.03-0.1 cm
3 
g
-1
, and 86-98 Å). Some changes 
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in physical properties were found to depend on the atomic ratio of zinc to chromium in 
the catalysts. In addition, the calcination temperature of the catalysts may have affected 
their surface area and pore volume. Previously, Simard et al.
12
 have reported that 
calcination conditions affected surface area and pore volume of Zn-Cr catalysts: the 
pores became smaller as the calcination temperature increased from 300 to 500 °C. 
 It was also found that increasing the temperature in the range of 450-900 °C affected 
the surface area of fresh and spent ceria catalysts used in the ketonisation of acetic acid: 
the surface area decreased from 88 m
2 
g
-1
 for catalyst calcined at 450 °C to 1.7 m
2 
g
-1
 
when calcined at 900 °C. For spent catalysts, the surface area decreased from 88 m
2
g
-1
 
to 28 m
2
g
-1
 for catalysts calcined at 450 °C and tested at 230 °C, but at 290 °C reaction 
temperature the surface area decreased to 2 m
2
g
-1
.
16
  
 The nitrogen adsorption-desorption isotherm for bulk Zn-Cr (10:1) oxide catalyst is 
shown in Figure 3.9. A Type IV isotherm was observed for the crystalline Zn-rich 
catalyst with a wider pore. This type of isotherm is characteristic of mesoporous 
materials (between 2 to 50 nm pore diameter).
4, 5
 This result is in agreement with that of 
a previous study.
26
 However, a small hysteresis loop (type H3) with a non-uniform slit-
shaped pore distribution was also observed. A Type IV isotherm was observed for the 
amorphous Cr-rich catalyst. This type of isotherm is indicative of a mesoporous 
material (2 nm < pore diameter < 50 nm).
5
 This result is also in agreement with the 
previous study.
26
 This isotherm has a Type H2 hysteresis loop and there is also an 
indication of the presence of narrow (2-50 nm) mesopores of non-uniform shape. This 
indicates the presence of mesoporous solids.
4, 5
 These results are again in agreement 
with previous studies.
27, 28
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Figure 3.7 Nitrogen adsorption and desorption isotherms for Cr2O3 fresh catalyst. 
 
Figure 3.8 Nitrogen adsorption and desorption isotherms for fresh ZnO catalyst. 
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Figure 3.9 Nitrogen adsorption and desorption isotherms for fresh Zn-Cr (10:1) 
catalyst. 
 
 
 
Figure 3.10 Pore size distribution for fresh catalysts calcined at 300 °C for 5 h in 
nitrogen:  a) ZnO, b) Zn-Cr (10:1), c) Cr2O3.  
 
Figure 3.11 displays the N2 adsorption-desorption isotherms for the fresh Zn-Cr (1:6) 
mixed oxide catalyst used in the liquid phase Prins condensation reaction. This Zn-Cr 
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performance in nopol synthesis, had a surface area of 230 m
2 
g
-1
, a pore volume of 0.32 
cm
3
g
-1
 and an average pore diameter of 55 Å.
29
  
 
 
Figure 3.11 Nitrogen adsorption and desorption isotherms for Zn-Cr (1:6) fresh 
catalyst. 
 
 
The Type II isotherm in Figure 3.11 is characteristic of a mesoporous material, as is the 
sharp peak at about 55 Å in Figure 3.12. In addition, the isotherm has a Type H1 
hysteresis loop. On the other hand, the Zn-Cr (1:6)/SiO2 catalyst demonstrated a narrow 
pore size distribution peaking at a pore diameter of 35 Å, with another broader peak at 
≈250 Å from silica (Figure 3.12).  
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Figure 3.12 Pore size distribution for a) Zn-Cr (1:6) b) Zn-Cr(1:6)/SiO2. Both catalysts 
were fresh. 
 
 
 
3.2.3.2 Surface area and porosity for supported Zn-Cr oxide catalysts  
Table 3.3 summarises the BET results for all Zn-Cr oxide supported catalysts, while the 
N2 adsorption–desorption isotherms for Zn-Cr (10:1) catalysts supported on Al2O3, SiO2 
and TiO2 are shown in Figures 3.13-3.15. The isotherms for catalysts supported on 
silica are of Type II.
30
 For other supported catalysts, Zn-Cr (10:1) supported on alumina 
and titanium oxide had isotherms closer to Type IV.
31
 Previously, an Mg/Al(4:1) oxide 
catalyst was found to have an adsorption-desorption isotherm near to the Type IV 
classification.
19
 The surface area of supported catalysts increased in the order of 20% 
Zn-Cr/SiO2 > 20% Zn-Cr/Al2O3 > 20% Zn-Cr/TiO2, at 156, 81 and 45 m
2 
g
-1
 
respectively, while the bulk Zn-Cr (10:1) catalyst had the smallest surface area (43 m
2 
g
-
1
) of all supported catalysts. These results are in agreement with previous reports.
30, 32
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Table 3.3 BET for supported Zn-Cr mixed oxides 
Catalyst
a
 Calcination 
Temp (ºC) 
SBET
b
 
(m
2 
g
-1
) 
Pore vol
c
  
(cm
3 
g
-1
) 
Pore size
d
  
(Å) 
Zn-Cr(1:6)/SiO2 300 209 0.86 164 
20% Zn-Cr(10:1)/SiO2 400 156 0.60 153 
20% Zn-Cr(10:1)/Al2O3 400   81 0.39 195 
20% Zn-Cr(10:1)/TiO2 400   45 0.11 102 
 
a 
Fresh supported catalyst calcined at 400 °C under air for 2 h.  
b 
BET surface area. 
c 
Single point total pore volume. 
d 
Average BET pore diameter.  
 
 
Figure 3.13 Nitrogen adsorption and desorption isotherms for 20% Zn-Cr (10:1)/SiO2 
fresh catalyst. 
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Figure 3.14 Nitrogen adsorption and desorption isotherms for 20%Zn-Cr (10:1)/Al2O3 
fresh catalyst. 
 
 
Figure 3.15 Nitrogen adsorption and desorption isotherms for 20% Zn-Cr (10:1)/TiO2 
fresh catalyst. 
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temperature than at higher calcination temperatures, in agreement with a report by 
Paulis et al.
33
 In this case, a reduction in surface area was clearly observed at 500 °C, 
accompanied by a significant loss in catalyst acidity after calcination from 110-500 °C, 
which is discussed further in section 3.7.1.  
 Figures 3.16 to 3.19 show the BET adsorption-desorption isotherms for Nb2O5 
catalysts, of Type IV, which is characteristic of mesoporous materials. The H2 
hysteresis loop indicates non-uniform size and/or mesoporous shape. Increasing the 
calcination temperature led to a decrease in surface area and pore volume of niobium 
oxides.
34, 35
 Catalyst calcined at 110 °C had a surface area of 243 m
2 
g
-1
, whereas a 500 
°C calcination temperature gave only 90 m
2
g
-1
 surface area with Type IV adsorption 
isotherm and H2 hysteresis loop, indicating mesoporosity. The catalyst calcined at 110 
°C showed a narrower pore size distribution compared with calcination at 500 °C. Table 
3.4 summarises results for the texture (surface area, pore diameter and pore volume) 
from N2 adsorption isotherms for the niobium oxide catalysts used in the Prins 
condensation reaction to produce nopol.   
 
Figure 3.16  Nitrogen adsorption and desorption isotherms of fresh Nb2O5 catalyst 
calcined at 110 °C. 
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Figure 3.17  Nitrogen adsorption and desorption isotherms of fresh Nb2O5 catalyst 
calcined at 200 °C. 
 
Figure 3.18 Nitrogen adsorption and desorption isotherms of fresh Nb2O5 catalyst 
calcined at 300 °C. 
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Figure 3.19  Nitrogen adsorption and desorption isotherms Nb2O5 fresh catalyst 
calcined at 500 °C. 
 
Table 3.4 BET values for niobium oxide catalysts  
Catalyst
a
 Calcination Temperature 
[°C] 
SBET
b  
(m
2 
g
-1
) 
Pore volume
c
  
(cm
3 
g
-1
) 
Pore size
d
  
(Å) 
Nb2O5 
Nb2O5 
Nb2O5 
Nb2O5 
Nb2O5 
110 
200 
300 
400 
500 
243 
238 
226 
172 
  90 
0.25 
0.27 
0.27 
0.16 
0.18 
41 
45 
47 
38 
82 
a 
Calcined at 110-500 °C under air for 3 h and ground to 45-180 μm particle size. 
b 
BET surface area.  
c 
Single point total pore volume.   
d 
Average BET pore diameter. 
 
The pore size distribution profiles obtained from the desorption branch using the 
classical BJH method indicated that all niobium oxide catalysts, calcined at different 
temperatures, were of mesoporous diameter. There was a sharp peak at about 35-39 Å, 
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as Figure 3.20 shows. In addition, it was found that the pore size distribution for 
niobium oxide calcined at 500 °C was larger, at about 80 Å, than the value of 39 Å for 
the catalyst calcined at 110 °C.  
 
 
 
Figure 3.20  Pore size distribution for niobium oxide (Nb2O5) calcined at a) 110 °C, b) 
200
 
°C, c) 300
 
°C, d) 500
 
°C. 
 
3.3 Thermogravimetric analysis 
3.3.1 TGA of amorphous silica and crystalline silicalite 
TGA was used for several purposes, including determining the water content of the 
catalysts, and observing the loss of mass at different temperatures, which increased up 
to a range of 600-700 °C, and measuring the thermal stability of the catalysts. TGA 
results for silicalite and silica are shown in Figures 3.21 and 3.22 respectively. These 
experiments were carried out at a heating rate of 20 ml min
-1
 in N2 flow, using 
20-30 mg of silicalite catalyst calcined at 550 °C for 5 h in atmospheric air. Thermal 
analysis revealed about 2.1% of weight loss at 100 °C, corresponding to the removal of 
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physisorbed water from the silicalite, while from 100 °C to 450 °C, there was a 1.4% 
mass loss. From 450 °C to 700 °C, a further loss of 0.3% mass was observed, due to the 
decomposition of the catalyst, making a total loss of 3.8%.
36
 The mass losses of silica 
were much greater than those of the silicalite: 6.5% at 100 °C, 1.3% at 450 °C and 0.3% 
at 700 °C, making a total final mass loss of 8.1%. Since the largest change in weight 
occurred around 100 °C, it was determined that it was a result of water desorption from 
the catalyst. 
 
Figure 3.21 TGA of fresh unmodified silicalite calcined at 550 °C for 5 h under air.  
 
Figure 3.22 TGA of fresh silica (Aerosil-300) under air.  
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3. Inductively coupled plasma atomic emission spectroscopy  
ICP-AES was used to measure trace impurities in the silica used as a catalyst in this 
study. Silica samples were dissolved in an aqua regia solution, i.e. a mixture of HNO3(aq) 
and HCl(aq). The results of ICP elemental analysis showed only traces of aluminium, 
iron, zinc and magnesium. ICP analysis was used to measure catalyst leaching in the 
liquid phase condensation of β-pinene to produce nopol. After the reaction, the catalyst 
was filtered off, then washed many times in acetonitrile (the solvent used in the 
reaction) to remove any nopol product adsorbed on the catalyst surface. A small amount 
of the resulting solution (5 ml) was analysed by ICP-AES to measure the amount of 
leaching, which was found to be negligible (0.003% loss of Cr and 0.07% of Zn in the 
filtrate). As the nopol yield was found to fall from 93% to 75 % in four consecutive 
runs, this amount of catalyst leaching was probably caused by loss of catalyst during 
filtration.  
3.5 Powder X-ray diffraction  
The zeolite (silicalite and HZSM-5), Cr2O3, ZnO and Zn-Cr mixed oxide catalysts were 
subjected to powder XRD tests, using the experimental procedure described in Section 
2.4.5, to determine their phase composition.  
 
3.5.1 Powder X-ray diffraction of zeolites  
The XRD patterns for our unmodified and modified silicalite samples, calcined at 550 
°C under air for 5 h, matched those of the authentic materials (Figure 3.23). The XRD 
patterns show that all samples were pure and crystalline, with peaks in the region of 2θ / 
22.5-25.0º, these results being in agreement with the literature.
37
 It was found that the 
treatment did not affect the catalyst structure.  
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The catalysts were crystalline and the results show that the silicalite material was pure. 
In addition, the silicalite catalyst did not change upon treatment with base or acid, 
which indicates that the crystal structure of the silicalite was not affected by the 
chemical modification. Base-treated samples (b) and (c), however, showed small broad 
humps centred at a 2θ of 15°, which may be attributed to amorphous silica formed upon 
generating silanol nests by base treatment (Scheme 3.1). Therefore, the XRD results are 
consistent with the formation of silanol nests upon base treatment of silicalite as scheme 
3.1 shows.  
 
Figure 3.23 XRD patterns for silicalite: (a) unmodified; (b)-(d) modified by: (b) 3.7 M 
NH3(aq) + 0.7 M NH4NO3, (c) 3.7 M NH3(aq) and (d) 0.1 M HCl. 
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Scheme 3.1 Formation of a silanol nest. 
 
3.5.2 Powder X-ray diffraction of Zn-Cr oxides  
Figure 3.24 shows XRD patterns for Cr2O3, ZnO and Zn-Cr mixed oxide catalysts with 
Zn/Cr atomic ratios of 1:6, 1:1, 10:1, 20:1 and 30:1. These catalysts were prepared by 
coprecipitation of Zn
II
 and Cr
III
 hydroxides, followed by calcination at 300 °C under 
nitrogen for 5 h. The results show that ZnO and Zn-rich oxides with molar ratios of 
Zn/Cr = 10:1 – 30:1 were crystalline. XRD peaks at 2θ = 31.8°, 34.4°, 36.3°, 47.6°, 
56.6°, 62.9°, 68.0° and 69.1° may be attributed to the ZnO phase.  
 
Figure 3.24 XRD patterns of fresh catalysts calcined at 330 °C under N2 for 5 h: a) 
Cr2O3, b) Zn-Cr (1:6) c) Zn-Cr (1:1), d) Zn-Cr (10:1), e) Zn-Cr (20:1), f) Zn-Cr (30:1), 
g) ZnO.  
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In contrast, chromium oxide and Cr-rich oxides (Zn/Cr = 1:6 and  1:1) were amorphous. 
XRD results showed no crystalline ZnO, due to the high chromium content of these 
oxides. Previously, Wang et al.
38
 in Cr-rich oxides, did not observe Cr2O3 in the XRD 
spectrum, indicating that Cr2O3 was completely dispersed and existed in the amorphous 
phase. The same results with regard to XRD measurements for Zn-Cr (1:10) oxide were 
reported by Kozhevnikova et al,
13
 who found that it was amorphous after calcination at 
300 °C and crystalline after calcination at 350 °C. Crystalline Zn-Cr (1:10) oxide was 
found to have a smaller surface area and a lower catalytic activity in MIBK synthesis 
than amorphous Zn-Cr (1:10).  
 It has been found that Zn-Cr oxides can be amorphous or crystalline, depending on 
the calcination temperature and Zn/Cr atomic ratio. Zn-rich oxides are crystalline, 
exhibiting a ZnO wurtzite phase. The oxides calcined at >350 ºC also exhibit Cr2O3 and 
ZnCr2O4 spinel crystalline phases, the relative amounts of which depend on the Zn/Cr 
atomic ratio. From the XRD analysis (Figure 3.24), ZnO exhibited the wurtzite phase 
(JCPDS file No. 36-1451). Zn-Cr (10:1) oxide calcined at 330 
o
C also exhibited 
wurtzite pattern, with the same crystallite size. This indicates that Zn
2+
 ions had similar 
location in both ZnO and Zn-Cr (10:1) oxide. In addition to the wurtzite phase, oxides 
calcined at >350 °C also exhibited Cr2O3 and ZnCr2O4 spinel crystalline phases, the 
relative amounts of which depended on the Zn/Cr atomic ratio. When Zn-Cr (1:6) oxide 
was calcined at 330 °C it became amorphous (Figure 3.24). However, after calcination 
at 400 °C in N2 for 5 h it exhibited the pattern of a Cr2O3 phase, with a little ZnCr2O4 
spinel also present (Figure 3.25). From the XRD pattern of Zn-Cr oxides, Simard et al.
12
 
and Bradford et al.
15
 have both observed that when the Cr/Zn ratio was increased from 
0.5 to 15 (calcined at 350 °C) and from 0 to 1.9 (calcined at 700 °C) respectively, the 
content of ZnO decreased and ZnCr2O4 increased. 
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 ZnCr2O4 crystalline phase was not observed in the XRD patterns after calcination at 
300°C, indicating that the formation of ZnCr2O4 depends on the calcination temperature 
and on the ratio between Zn and Cr, as well as on the way the catalyst is prepared.
12-15, 
28, 38, 39
  
 
  
Figure 3.25 XRD pattern for fresh Zn-Cr (1:6), calcined at 400 °C under N2 for 5 h. 
 
Figures 3.26 and 3.27 show the powder XRD patterns for the bulk Zn-Cr (10:1) oxide 
and 20%Zn-Cr(10:1)/Al2O3 supported catalyst calcined at the optimum reaction 
temperature of 380 
o
C. Both exhibit the clear pattern of wutzite ZnO crystal phase 
(JCPDS file No. 36-1451). The crystallite average diameter, as estimated from the 
Scherrer equation using the peaks at 31.8, 34.4 and 36.3
o
, is 52±6 nm for the bulk Zn-Cr 
(10:1) and 37±1 for the 20%Zn-Cr(10:1)/Al2O3. This indicates a higher dispersion of 
ZnO in the supported catalyst compared to the bulk one. 
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Figure 3.26 XRD pattern for Zn-Cr (10:1) calcined at 380 
o
C under N2 for 5 h. 
 
Figure 3.27 XRD pattern for 20%Zn-Cr (10:1)/Al2O3 calcined at 380 
o
C under air for 5 
h. 
 
3.6 Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy  
3.6.1 DRIFT spectroscopy for zeolites 
DRIFT spectra were recorded at room temperature and ambient pressure under dry N2 
using powdered catalyst mixtures with KBr. The catalysts were pretreated at 300-500 
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°C for 1 h in N2 flow, as for the ketonisation reaction. Characterisation of the silicalite 
catalysts by DRIFT spectroscopy revealed significant differences and gave important 
information regarding active sites in the ketonisation reaction. Figure 3.28 shows the 
DRIFT spectra of our Aerosil 300 and silicalite samples in the region of OH stretching 
modes of silanol (SiOH) groups. These spectra are in agreement with those reported in 
the literature.
22 
 The sharp peak at 3744 cm
-1
 is attributed to the free terminal silanol 
groups located on external and internal surfaces. The broader band around 3680 cm
-1
 is 
attributed to the hydrogen-bonded vicinal silanols. 
   The very broad band in the 3600-3100 cm
-1
 region is generally ascribed to silanol 
nests, which consist of a number of silanol groups interacting through extended 
hydrogen bonding. Such nests occur at silicon vacancies (defects) created by removing 
a tetrahedral Si atom from the framework and termination of the four loose oxygen 
atoms by hydrogen atoms (Scheme 3.1). DFT (density functional theory) analysis shows 
that the OH groups in silanol nests, due to the extended H-bonding, possess enhanced 
acidity compared to that for an isolated silanol group. This effect leads to increased 
reactivity of silanol nests, as documented for the Beckmann rearrangement of 
cyclohexanone oxime over defect-free silicalite.
22 
As can be seen from the band in the 
3600-3100 cm
-1
 region (Figure 3.28), our base-modified silicalite samples had much 
higher density of silanol nests than the unmodified silicalite (c). This is in agreement 
with the literature,
22
 which reports the formation of silanol nests in silicalite upon base 
treatment. 
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Figure 3.28 DRIFT spectra of Aerosil-300 [(a) and (b)] and silicalite [c-g]. Aerosil-300: 
(a) unmodified and (b) modified with 3.7 M NH3(aq) + 0.7 M NH4NO3(aq), both pre-
treated at 500 °C in N2 for 1 h. Silicalite unmodified, pre-treated in N2 for 1 h at: (c) 400 
°C and (d) 500 °C; silicalite modified with 3.7 M NH3(aq) + 0.7 M NH4NO3(aq), pre-
treated in N2 for 1 h at: (e) 300 °C, (f) 400 °C, (g) 500 °C. 
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Therefore, our DRIFT data indicate that silanol nests may be the active sites responsible 
for the high selectivity of the base-modified silicalite in propionic acid ketonisation. It 
should be noted that the density of silanol nests decreases upon heating above 500 °C, 
due to dehydration of the silanol groups. This may be the reason for the lower efficiency 
of the unmodified silicalite. The results will be presented in Table 4.3 in Chapter 4, 
section 4.3.3, which had been calcined at 550°C for 12 h in the final step of its 
preparation. As mentioned in Chapter 2, DRIFT spectra were taken on a Nicolet 
NEXUS FTIR spectrometer using powdered catalyst mixtures with KBr. The catalysts 
were pretreated at 300-500 °C for 1 h in N2 flow, as they were pretreated for the 
ketonisation reaction. The DRIFT spectra were recorded at room temperature and 
ambient pressure under dry N2.   
 
3.7 Acidity studies and measurements 
Various techniques were used to study the acidity of catalysts used in this work. The 
strength of catalyst acid sites was determined by ammonia adsorption,
40, 41
 while the 
nature of acid sites (Brønsted or Lewis) was determined by FTIR-pyridine adsorption.
40, 
42
 Experimental procedures are detailed in Chapter 2, section 2.4.3.  
 
3.7.1 FTIR study of pyridine adsorption 
Surface acidity characterisation is fundamental to understanding the reaction 
mechanisms in heterogeneous catalysis. In this case, the adsorption of pyridine as a base 
on the acidic surface of the catalyst offers a powerful method for the characterisation of 
catalyst acidity.  
 The B or L nature of acid sites and their relative amounts in Zn-Cr oxide and 
niobium oxide catalysts was determined by the DRIFT spectroscopy of adsorbed 
132 
 
pyridine from the characteristic infrared bands at 1540 and 1450 cm
-1
 respectively.
25
 
Since these bands have approximately equal extinction coefficients,
25
 the ratio of their 
integral intensities gives directly the B/L ratio of acid site densities.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.29   DRIFT spectra of adsorbed pyridine on a) ZnO, b) Zn-Cr (10:1), c) Zn-Cr 
(1:6), d) Cr2O3. 
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Zn-Cr (1:6) mixed oxide, as well as its parent ZnO and Cr2O3 oxides, had 
predominantly Lewis acid sites, as evidenced from the strong adsorption band at 1450 
cm
-1
 in their spectra (Figure 3.29). Zn-Cr (1:6) and Cr2O3 also had Brønsted acid sites, 
as indicated by the band at 1540 cm
-1
, with an approximate B/L ratio of 0.1 in these 
oxides. ZnO, however, had no Brønsted acid sites of sufficient strength to protonate 
pyridine. Alwadaani et al.
25, 40
 reported that only Zn-Cr (1:30) mixed oxide, with the 
largest Cr content, had Brønsted acid sites of such strength.  
 
Table 3.5 Brønsted (B) versus Lewis (L) acidity of catalysts from DRIFTS of adsorbed 
pyridine on catalysts which were calcined at 300 °C for 5 h under N2 flow. 
Catalyst B/L
a
 
Cr2O3 0.07 
Zn-Cr (10:1) 0.07 
ZnO - 
a
 Ratio of intensities (integrals of peak areas) of DRIFT peaks at 1540 and 1450 cm
-1
. 
 
In contrast to Zn-Cr oxide, Nb2O5 has been  found to possess significant Brønsted 
acidity.
41
 Figure 3.30 shows the FTIR-pyridine adsorption spectra of niobium oxides at 
calcination temperatures from 110-300 °C. The sharp pyridine absorption peaks at 
around 1450 cm
-1
 are indicative of Lewis acid sites. Pyridine molecules bonded to 
Brønsted acid as pyridinium ions sites are absorbed at 1540 cm
-1
. The peak which can 
be seen at 1490 cm
-1
, between the B and L peaks, is a combined band originating from 
pyridine bonded to both Brønsted and Lewis acid sites.
42
 
 Table 3.5 shows the B/L ratios derived from the spectra in Figure 3.30. 
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Table 3.5 Brønsted (B) versus Lewis (L) acidity of catalysts from DRIFT spectra of 
adsorbed pyridine 
Catalyst Calcination 
temperature (°C) 
B/L
a
 
Nb2O5 200 0.22 
Nb2O5 300 0.10 
a
 Ratio of intensities (integrals of peak areas) of DRIFT peaks at 1540 and 1450 cm
-1
. 
 
 
 
 
 
 
 
 
 
Figure 3.30 DRIFT spectra of adsorbed pyridine on Nb2O5, calcined at a) 200 °C, 
b) 300
 
°C.  
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3.7.2 Pulse ammonia adsorption analysis 
Adsorption calorimetry can generally be used to determine the number and strength of 
acid sites. In this case, this technique was used to obtain the strength of Brønsted or 
Lewis acid sites, because many properties of catalysts are directly related to their 
acidity. For example, It has been reported that the reaction of fluid cracking on zeolites 
such as ZSM-5 was controlled by the Al/Si ratio and also by catalyst acidity.
43
 
 
 
3.7.2.1 Pulse ammonia adsorption analysis for Zn-Cr oxides 
The acid strength of catalysts was measured by ammonia adsorption microcalorimetry 
in terms of the differential enthalpy of ammonia adsorption at zero coverage (ΔH). This 
technique does not discriminate Brønsted from Lewis acidity, but provides a measure of 
total acid strength. The acid strength of Zn-Cr oxides, possessing mainly Lewis acidity, 
increased significantly as Cr content increased, with ΔH values varying from -127 to -
193 kJ mol
-1
, which mostly represents the strength of Lewis acid sites in Zn-Cr oxides.
40
 
Therefore, given the different nature of acidity in Zn-Cr oxide and Nb2O5 catalysts, it is 
not possible to quantitatively characterise the strength of each type of acid site in these 
catalysts by ammonia adsorption microcalorimetry. The results are summarised in Table 
3.6. 
Table 3.6 Acid properties of catalysts 
Catalyst
a 
Acid site type
b ΔH (kJ mol-1)c 
Cr2O3 B + L -193
d 
Zn-Cr (1:6) B + L -170
d 
Zn-Cr (10:1) B + L -150 
 
ZnO L -127
d 
a
 Catalyst pretreatment: Cr2O3 and Zn-Cr (1:6) were calcined at 300 °C in N2 for 5 h. 
b 
B 
and L acid sites from DRIFT spectra of adsorbed pyridine. 
c 
Initial enthalpy of NH3 
adsorption at zero adsorption coverage. 
d 
Estimated from literature.
40
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3.7.2.2 Pulse ammonia adsorption analysis for niobium oxide catalyst
*
 
Nb2O5 calcined at 110-300 °C was found to possess Brønsted and Lewis acidity, 
exhibiting ΔH values in the range of -115 to -129 kJ mol-1. The acid strength of niobia 
predictably increased as the calcination temperature increased. 
 In this study, it was found that niobium oxide and Zn-Cr oxides differed in the nature 
of their acidity, making it impossible to quantitatively characterise the strength of each 
type of acid site in these catalysts by ammonia adsorption microcalorimetry. The results 
for the acidity of niobium oxide catalysts are presented in Figures 3.31-3.33 and 
summarised in Table 3.7. It has been reported that increasing the niobium oxide 
calcination temperature above 500 °C reduced the acidity of the resulting catalysts.
33
 
This can be explained by the transformation of protonic sites to Lewis sites with the 
elimination of water. The loss of acidity can probably be attributed to the change from 
amorphous to crystalline structure.
33
 This can be explained by the transformation of 
protonic sites to Lewis sites with the elimination of water. The loss of acidity can 
probably be attributed to the change from amorphous to crystalline structure.
44, 45
  
Table 3.7 Acid properties of catalysts 
Catalyst
a 
Acid site type
b ΔH (kJ mol-1)c 
Nb2O5 (110 °C) B + L
41
    -115 
Nb2O5 (200 °C) B + L
41
    -123 
Nb2O5 (300 °C) B + L
41
    -129 
a 
Nb2O5 at 110-300 °C in air for 3 h. 
b
 B and L acid sites from DRIFT spectra of 
adsorbed pyridine. 
c 
Initial enthalpy of NH3 adsorption at zero adsorption coverage. 
_________________ 
* 
Studied in collaboration with Vinicius V. Costa, Federal Minas Gerais University, Brazil. 
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Figure 3.31 Plot of enthalpy of NH3 adsorption versus NH3 uptake for Nb2O5 calcined 
at 110 °C. 
 
Figure 3.32 Plot of enthalpy of NH3 adsorption versus NH3 uptake for Nb2O5 calcined 
at 200 °C. 
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Figure 3.33 Plot of enthalpy of NH3 adsorption versus NH3 uptake for Nb2O5 calcined 
at 300 °C. 
 
3.8 C, H, N analysis 
To examine catalyst stability over longer time on stream, the silicalite was tested for at 
least 28 h TOS (time on stream) using 0.2 g of catalyst, 500 
o
C and 20 mL min
-1
 N2 
flow rate. While the Zn-Cr oxide and Al2O3 supported catalysts were tested at 380 
o
C, 
and 20 mL min
-1
 N2 flow rate for 18 and 24 h TOS respectively. Table 3.8 shows the 
total amount of carbon deposits in the spent catalysts used in the gas phase ketonisation 
of propionic acid using C and H combustion analysis. 
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Table 3.8 C and H combustion analysis for spent catalysts used in the gas phase 
deoxygenation of propionic acid 
Catalyst C (%) H (%) 
Silicalite chemically treated by 
NH3(aq)/NH4NO3
a
 
6.60 0.94 
Zn-Cr (10:1)
b 
 4.10 0.67 
  a 
After 28 h reaction at 500 °C. 
  b 
After 18 h reaction at 380 °C. 
 
 
3.9 Conclusion  
This chapter has addressed in detail the catalyst texture, XRD and FTIR spectroscopy, 
and the acidity of catalyst used in the ketonisation of carboxylic acids. First, the 
catalysts were characterised using N2 physisorption. The specific surface area, pore 
diameter and pore volume were calculated for silicalite, zinc-chromium oxides and for 
niobium oxide catalysts, which were calcined at different temperatures. It was found 
that the texture of zeolite catalysts was not affected by chemical treatment, as their 
surface area, pore diameter and pore volume remained largely unchanged. The surface 
area was, however, positively affected by the Cr/Zn ratio in Zn-Cr catalyst, while the 
pore size decreased as the ratio increased. XRD measurements showed that silicalite 
was crystalline, while the crystallinity of zinc chromium oxides depended on their 
chromium and zinc content. Increasing the amount of chromium made the catalyst more 
amorphous, while those with high zinc content were crystalline.  
 The nature of acid sites was measured using DRIFT spectroscopy of pyridine 
adsorption. It was found that in Cr2O3, ZnO and Zn-Cr (1:6) oxide catalysts, Lewis acid 
sites predominated, while Cr2O3 and Zn-Cr (1:6) oxide catalysts also had Brønsted acid 
sites. In addition, niobium oxides catalysts were found to possess both Brønsted and 
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Lewis acid sites. The acidity of niobium oxides increased as the calcination temperature 
increased from 100 to 300 °C.  
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Chapter 4  
Gas-phase ketonisation of propionic acid 
catalysed by silicalite 
 
 
4.1 Introduction 
Carboxylic acids readily available from natural resources are attractive as renewable 
raw materials for the production of value-added chemicals and bio-fuel components.
1, 2
 
For fuel applications, carboxylic acids require reduction in their oxygen content, i.e. 
deoxygenation. Therefore, much recent research has been focused on the deoxygenation 
of carboxylic acids using heterogeneous catalysis.
3, 4
 Ketonisation of carboxylic acids 
(Equation 4.1) is widely used as a clean method for the synthesis of ketones.
5
 It allows 
for partial deoxygenation of carboxylic acids to be achieved, accompanied by their 
carbon backbone upgrade. Ketonisation is catalysed by many basic and acidic metal 
oxide and mixed-oxide catalysts in the temperature range of 300-500 °C.
5-12
 Chromium-
zinc-manganese oxide has been used in the ketonisation of aliphatic acids in the gas 
phase at 300-400 °C and the optimum ketone yield was at 325 °C.
13
 Additionally, many 
different metal oxides have been reported as active catalysts in the ketonisation of acids, 
including CeO2-Mn2O3 in the ketonisation of propionic acid.
14
 The ketonisation of 
carboxylic acids in both gas and liquid phases has also been catalysed by several metal 
oxides, including Cr2O3,
15
 ZrO2,
16-18
 ZnO,
19
 TiO2
20
 and iron oxide,
21
 but the nature of 
catalytically active sites is not yet clear. It is generally thought that basic sites are 
favourable for ketonisation.
5
 However, heteropoly acid H3PW12O40 possessing very 
strong proton sites has also been found active in propionic acid ketonisation.
22
 We now 
report that neutral metal-free silica materials, namely amorphous silica and, in 
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particular, crystalline silicalite (MFI structure
23
), are active and environmentally benign 
catalysts for the gas-phase ketonisation of propionic acid. Propionic acid was chosen as 
representative of carboxylic acids with the number of carbon atoms n ≤ 6 derived from 
carbohydrate feedstocks.
10
   
 
   
 
4.2 Blank reaction 
Blank experiments in the absence of silica were done under optimal conditions: at 300-
500 °C, 20 ml min
-1
 N2 and 0.2 g of catalyst. First, at 400 °C, no ketonisation of 
propionic acid occurred. When the experiment was carried out at 500 °C (Table 4.2), 
homogeneous catalysis occurred to a small extent, as about 12% of propionic acid 
underwent pyrolysis, in agreement with a previous report.
24
  
 
4.3 Ketonisation of propionic acid 
The gas-phase ketonisation of propionic acid was performed in flowing N2 at 300-
550 °C under atmospheric pressure in a downflow quartz fixed-bed reactor. Typically, 
the reaction was carried out at a propionic acid concentration of 2 vol%, with 0.2 g of 
catalyst and an N2 flow rate of 20 ml min
-1
 for six hours on stream. Prior to use, the 
catalysts were heated at the reaction temperature in N2 flow for 1 h. The selectivity was 
defined as the percentage of carboxylic acid converted into a particular product taking 
into account the reaction stoichiometry; thus 100% ketone selectivity would mean 1 
mole of carboxylic acid converted to form 0.5 mol of ketone.  CO and CO2 were not 
(4.1) 
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quantified and not included in reaction selectivities. Table 4.1 shows the texture of 
catalysts used which has been presented in detail in section 3.2.2. 
Table 4.1 Catalyst characterisation      
 
Catalyst  SBET
a
  
(m
2 
g
-1
)  
Pore volume
b
  
(cm
3 
g
-1
)  
Pore size
c
  
(Å)  
Aerosil-300
d
  296  1.15   156  
Silicalite  379  0.23    24  
Silicalite modified by NH3(aq)/NH4NO3  364  0.23    26  
a 
BET surface area. 
 
b 
Single point total pore volume. 
 c 
Average BET pore diameter. 
 
d
Aerosil-300 was wetted to form a gel then oven dried at 110°C and ground to a 
powder of 45-180 μm particle size. 
  
4.3.1 The effect of temperature on the ketonisation of propionic acid 
The reaction temperature has a significant effect on conversion, selectivity and overall 
yields of 3-pentanone, as reported in the literature.
18, 25-28
 These ketonisation reactions 
were carried out over silica, ZSM-5 and silicalite in the temperature range of 300-550 
°C, 1 bar pressure and 20 ml min
-1
 N2 flow. The conversion of propionic acid and yields 
of 3-pentanone over silicalite catalyst increased with increasing temperature from 300 to 
550 °C. At 550 °C, however, selectivity decreased to 65% and greater amounts of 
hydrocarbons and unknown products formed than at lower temperatures. The best yield 
of 3-pentanone was obtained at 500 °C over base-treated silicalite: conversion was 84% 
and the selectivity of 3-pentanone was 92%. Stonkus et al.
13
 found that the yield of 
acetone in acetic acid ketonisation over chromium-zinc-manganese catalyst increased 
with increasing temperature from 300 to 325 °C. However, yield decreased when the 
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temperature was raised to 400 °C. In the ketonisation of propionic acid using the same 
chromium-zinc-manganese catalysts, the yield of 3-pentanone reached 90 % at 325 °C. 
Increasing the temperature to 400 °C increased conversion, but the yield of 3-pentanone 
decreased to 62%. 
  
4.3.2 Ketonisation of propionic acid over amorphous silica 
A wide range of amorphous silicas were tested for the ketonisation of propionic acid 
(Equation 4.1) in flowing N2 at different temperatures and under atmospheric pressure 
using a fixed-bed continuous flow reactor.
4
 These silicas were high purity powdered 
materials employed as catalyst supports and stationary phases in chromatography. They 
were active catalysts, but not selective for 3-pentanone.  
 
 
 
Figure 4.1 Propionic acid ketonisation over amorphous silica 0.2 g at 350 °C, 2 vol% 
propionic acid, 20 ml min
-1
 N2, 4.0 h g mol
-1
 contact time. 
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At 350 °C, silica-5 and silica-6 were not selective for 3-pentanone, while other silicas 
such as silica-4 and silica-62 showed higher selectivity to 3-pentanone (Figure 4.1).  
Increasing the temperature to 400 and 450
 
°C (Table 4.2) increased the reactivity of the 
catalysts. Table 4.2 shows comparative results for commercial silica of high purity, 
amorphous Aerosil-300, consisting of nanosized nonporous spheres fumed in a high 
temperature flame (300 m
2
 g
-1
 specific surface area). It was tested at 400-500
 
°C and 
exhibited a moderate to good catalytic activity in the formation of 3-pentanone, with 
some propionic anhydride also being formed. This was surprising, because silica is a 
practically neutral material. It lacks basicity and possesses very weak acidity due to its 
silanol groups, SiOH. The activity of Aerosil-300 increased when the reaction 
temperature was raised from 400 to 500 °C.  
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Table 4.2 Gas-phase ketonisation of propionic acid over amorphous silica
a
  
Catalyst Temperature 
(°C) 
Conversion 
(%) 
Selectivity (mol %) 
3-pentanone Others
b 
None 500 12 36 64 
Silica-3 400   9 67 33 
Silica-3 450 36 80 20 
Silica-4 400 20 70 30 
Silica-4 450 62 84 16 
Silica-5 400   7 46 54 
Silica-5 450 27 79 21 
Silica-6 400   5 35 65 
Silica-6 450 15 72 28 
Silica-62 400 17 64 36 
Silica-62 450 15 93   7 
Aerosil-300 400 23 87 13 
Aerosil-300 500 39 85 15 
a
 0.2 g catalyst, 2 vol% propionic acid in N2 flow, 20 ml min
-1
 and 6 h time on stream.                                                                                                                                     
b
 Other products included propionic anhydride, isopropanol and acetone, together with 
unidentified compounds.  
 
Figures 4.2 and 4.3 show time courses for propionic acid ketonisation over Aerosil-300 
at 400 and 500 °C respectively, demonstrating good catalyst stability over time on 
stream in both cases, as the reaction reached the steady state in the first hour.  
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Figure 4.2 Time course for propionic acid ketonisation: 0.2 g Aerosil-300, 400 °C, 
2 vol.% propionic acid, 20 ml min
-1
 N2. 
 
Figure 4.3 Time course for propionic acid ketonisation: 0.2 g Aerosil-300, 500 °C, 
2 vol.% propionic acid, 20 ml min
-1
 N2. 
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4.3.3 Ketonisation of propionic acid over crystalline silicalite 
Crystalline materials, i.e. highly siliceous zeolites, were tested in the ketonisation of 
propionic acid. HZSM-5 zeolite (Si/Al = 180) possessing strong proton sites exhibited a 
small ketonisation activity at 300 °C but no such activity at 400-500 °C, mainly causing 
cracking of propionic acid to form light hydrocarbons, predominantly ethylene (Table 
4.3). In contrast, purely siliceous silicalite (MFI structure) showed high catalytic 
activity in ketonisation, which peaked at 500 °C to afford a 50% 3-pentanone yield.  
 
Table 4.3 Gas-phase ketonisation of propionic acid over silicalite
a
  
Catalyst  Temperature 
(°C) 
Conversion 
(%) 
Selectivity (mol%) 
3-pentanone C1-C3 
alkanes 
C2-C3 
alkenes 
Others
b 
HZSM-5 300 43 30   1   6 63 
HZSM-5 400 98   0   0 39 61 
HZSM-5 500 99   0   0 97   3 
Silicalite 400 23 76   3   0 21 
Silicalite 450 42 72   5 18   5 
Silicalite 500 95 53 15 28   4 
a
 0.2 g catalyst, 2 vol% propionic acid in N2 flow, 20 ml min
-1
 and 6 h time on stream.                                                                                                                                     
b
 Other products included propionic anhydride, isopropanol and acetone, together with 
unidentified compounds.  
 
 
4.3.4 Ketonisation of propionic acid over chemically treated amorphous silica and 
crystalline silicalite 
In search for better performance, the silicalite was chemically modified with aqueous 
acidic (0.01 M and 0.1 M HCl) or basic (3.7 M NH3(aq) and 3.7 M NH3(aq) + 0.7 M 
NH4NO3)
29
 solutions, which enhanced the creation of silanol groups on the catalyst 
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surface. For silicalite, the acid treatment had little effect, the basic one, with ammonia 
and ammonium nitrate, significantly improved ketonisation selectivity (Table 4.4). It 
has been found that our base-modified silicalite samples have a much higher density of 
silanol nests compared to unmodified silicalite as found from DRIFT spectroscopy 
which discussed in section 3.6.1. A similar effect has been reported for the Beckmann 
rearrangement of cyclohexanone oxime to ε-caprolactam over silicalite, which has been 
attributed to the formation of framework defects (silanol nests) in silicalite acting as 
catalytically active sites.
29
 Such nest occurs at silicon vacancies created by removing 
tetrahedral silicon atoms from the framework and termination the four loose oxygen 
atoms by hydrogen atoms (Scheme 4.1).
30, 31
   
 
 
 
Scheme 4.1 Formation of a silanol nest. 
 
DFT analysis shows
32
 that the OH group in silanol nest, due to the extended H-bonding 
possess enhanced acidity compared to that of an isolated silanol group. This effect leads 
to increased reactivity of silanol nests. In contrast, the basic treatment had practically no 
effect on the performance of amorphous Aerosil-300 (Table 4.4). The conversion of 
propionic acid over silicalite increased with reaction temperature, but with some 
predictable loss in 3-pentanone selectivity. At 500 °C and a contact time of 4.0 h g mol
-1
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the base-modified silicalite gave a very good 3-pentanone yield of 77% with 92% 
selectivity at 84% conversion (average for 6 h on stream). Increasing the contact time 
2.5-fold to 10 g mol
-1
 raised the yield to 87%, which matches the performance of the 
best metal oxide catalysts.
5
 
Table 4.4 Gas-phase ketonisation of propionic acid over silicalite
a
 
Catalyst  Temperature 
(°C) 
Conversion 
(%) 
Selectivity (mol%) 
3-
pentanone 
C1-C3 
alkanes 
C2-C3 
alkenes 
Others
b 
Silicalite
c 
500 57 95 2   2   1 
Silicalite
d 
500 75 75 6 18   1 
Aerosil-300
e 
500 40 81 2   3 14 
Silicalite
e 
400 10 96 2   1   1 
Silicalite
e
 450 46 93 2   1   4 
Silicalite
e
 500 84 92 2   1   5 
Silicalite
e
 550 92 65 3   5 27 
a
 0.2 g catalyst, 2 vol% propionic acid in N2 flow, 20 ml min
-1
, 6 h time on stream.                                                        
b
 Other products included propionic anhydride, isopropanol and acetone, together with 
unidentified compounds. CO and CO2 not included.                                                                                                              
c
 Modified by 0.1 M HCl(aq).                                                                                                                        
d
 Modified by 3.7 M NH3(aq).                                                                                                                
e
 Modified by 3.7 M NH3(aq) + 0.7 M NH4NO3(aq). 
 
The Aerosil-300 catalyst showed a respectable 3-pentanone selectivity of 85% and 39% 
conversion at 500
 
°C, its performance was stable and no deactivation was observed for 
at least 28 h on stream. Figure 4.4 shows the catalysts was stable for 6 h time on stream.  
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Figure 4.4 Time course for propionic acid ketonisation: 0.2 g Aerosil-300 modified 
with 3.7 (M NH3+ 0.7 M NH4NO3)(aq), 500 °C, 2 vol% propionic acid, 20 ml min
-1
 N2, 
4.0 h g mol
-1
 contact time. 
 
 
4.4 Stability of base-modified silicalite  
The base-modified silicalite catalyst (3.7 M NH3(aq) + 0.7 M NH4NO3(aq)) showed a 
stable performance at 500 °C for at least 28 h with 84-92% 3-pentanone selectivity at 
93-80% propionic acid conversion (Figure 4.5). A small decrease in catalyst activity 
over time on stream was probably caused by coke deposition on the catalyst, which 
amounted to 6.6 wt% as have been shown in section 3.8, Table 3.8. Coke could be 
removed by aerobic gasification at 450-500 °C, allowing full recovery of catalyst 
activity. The 3-pentanone product was quite stable under these reaction conditions, 
undergoing 3 and 8% conversion over base-treated silicalite at 450 and 500 °C 
respectively, to form a mixture of C1 – C3 alkanes and alkenes, as well as some heavier 
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products (section 4.5). Although silicalite requires a higher reaction temperature than 
the best metal oxide catalysts, e.g. CeO2-MnO2
8
 and CeO2-ZrO2,
10
 it has the important 
advantages of being an easily available nontoxic metal-free material, having perfect 
performance stability in ketonisation and allowing easy regeneration. 
 The possibility of catalysis by metal impurities in silicalite and Aerosil-300 can be 
ruled out because ICP analysis showed only traces of metals such as Al and Fe in these 
materials and because the results did not change when bi-distilled water was used for 
catalyst preparation and modification.  
 
 
Figure 4.5 Time course for propionic acid ketonisation: 0.2 g silicalite modified with 
3.7 M NH3(aq) + 0.7 M NH4NO3(aq), 500 °C, 2 vol.% propionic acid, 20 ml min
-1
 N2, 
4.0 h g mol
-1
 contact time. 
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4.5 Conversion of 3-pentanone 
3-Pentanone, the product of propionic acid ketonisation, was found to be quite stable 
under reaction conditions (Table 4.5). In this experiment, 0.2 g of silicalite catalyst 
modified by ammonia and ammonium nitrate was treated under reaction conditions with 
1 vol% of 3-pentanone. It underwent 3 and 8% conversion over base-treated silicalite at 
450 and 500 °C respectively, to form a mixture of C1 – C3 alkanes and alkenes, as well 
as some heavier products.  
Table 4.5 Conversion of 3-pentanone over silicalite modified with 3.7 M NH3(aq) + 0.7 
M NH4NO3(aq).
a 
Temperature 
(°C) 
Conversion 
(%) 
Selectivity (mol%) 
CH4 C2H6  C2H4  Others
 
450 3 21 17  25  37 
500 8 17 23  45  15 
a 
0.2 g catalyst, 6 h time on stream, 1 vol% 3-pentanone concentration in N2, 
20 ml min
-1
 N2 flow, 6 h on stream.  
 
4.6 Ketonisation mechanism  
Ketonisation occurs with carboxylic acids possessing α-hydrogen atoms. Several 
mechanisms have been proposed for this reaction, including (i) decomposition of metal 
carboxylate, (ii) an acid anhydride intermediate route, (iii) a ketene intermediate route 
and (iv) a β-ketoacid intermediate route. The mechanism may depend on many factors, 
especially the type of catalyst used. Pestman et al.
33
 suggest ketene intermediacy for the 
ketonisation of acetic acid over metal oxides (Figure 4.6). Ketonisation of propionic 
acid over heteropoly acid H3PW12O40 may also occur via the ketene intermediate 
route.
22
 Silica has been patented as a catalyst for the gas-phase production of ketenes 
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from carboxylic acids. This suggests that ketonisation of propionic acid over amorphous 
silica and silicalite may occur via ketene intermediacy as well.   
 
 
Figure 4.6 Ketene-based mechanism of acetic acid ketonisation.
34
 
 
 
4.7 Conclusions 
In this work, we tested a variety of amorphous silica catalysts with high purity in 
propionic acid ketonisation and they showed good and stable performance for six hours 
on stream. When tested in the range of 300-550 °C, they showed no activity at lower 
temperatures, but the activity increased with increasing temperature. Silicalite was 
prepared and tested in the ketonisation of propionic acid. It showed good activity and 
selectivity, with increased activity at higher temperatures. Amorphous silica and 
silicalite were chemically modified by acid and basic aqueous solutions (0.1 M 
hydrochloric acid or 3.7 M ammonia and 0.7 M ammonium nitrate). These treatments 
did not affect the activity of amorphous silica, but silicalite showed a very good 
improvement in catalyst activity. For silicalite, the base treatment with NH3(aq) + 
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NH4NO3(aq) significantly improved propionic acid ketonisation selectivity. All catalysts 
showed very good stability for at least 6 hours on stream. In addition, base-treated 
silicalite showed excellent stability for at least 28 hours on stream with a small decrease 
in activity after 20 hours. It is concluded that neutral materials – amorphous silica and 
crystalline silicalite – are active and environmentally benign catalysts for propionic acid 
ketonisation at 450-500
 
°C to form 3-pentanone. Base-treated silicalite (MFI structure) 
is particularly efficient in ketonisation of propionic acid. DRIFTS indicates that silanol 
nests generated by basic modification of silicalite are responsible for its catalytic 
activity in the ketonisation of propionic acid.   
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Chapter 5  
Ketonisation of carboxylic acids in the gas phase 
over Zn-Cr oxide catalyst 
 
 
5.1 Introduction 
The ketonisation of carboxylic acids plays an important role in the conversion of 
biomass by achieving partial deoxygenation, accompanied by carbon backbone 
upgrade.
1-6
 Ketonisation of carboxylic acids, also known as ketonic decarboxylation, is 
a reaction which converts low carboxylic acid molecules into a ketone, carbon dioxide 
and water (Equation 5.1), is widely employed as a clean method for the synthesis of 
ketones, without any polluting by-products.
7, 8
 This reaction has been known since 
1858, when it was used to produce acetone by decomposing calcium acetate,
8
 and in 
1895 solid catalysts were used in the ketonisation of acetic acid as a direct reaction.
9
 
Recently, it has been catalysed by many basic and acidic metal oxides, mixed oxides
7, 9, 
10 
and zeolites,
11, 12
 because it has promising applications in biomass conversion and in 
industrial processes.
8
 Following its industrial application in the production of acetone, 
this reaction has gained increased interest for the upgrading of biomass-derived 
oxygenates, e.g. bio-oils obtained from fast pyrolysis of biomass containing lower 
carboxylic acids amongst other oxygenated molecules. Gas-phase ketonisation is 
catalysed by many oxides and mixed oxides, as well as zeolites and heteropoly acids in 
the temperature range of 250-500 °C,
7-10, 12-17
 but the nature of catalytically active sites 
and reaction mechanism are not yet clear.  
 Among the oxides that have been used in the ketonisation of carboxylic acids are 
MnO2,
18
 Cr2O3,
19-22
  ZrO2, PbO2, ZnO,
19
 CeO2,
14
 TiO2,
23
 SiO2
11, 18
  and Al2O3.
19, 24
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Mn2O3-CeO2 and ZrO2-CeO2 have also been found to have high activity at 
350-450 °C.
25
 Silicalite is an active catalyst at higher temperatures (Chapter 4). Pham et 
al.
26
 reported that  Ru/TiO2 is a promising catalyst of the aqueous phase ketonisation of 
carboxylic acids, its activity being enhanced by reduction of the catalyst. 
    Here, we report that Zn
II
-Cr
III
 mixed oxides prepared by co-precipitation of Zn
II
 and 
Cr
III
 hydroxides are highly active and durable catalysts of the ketonisation of carboxylic 
(acetic, propionic and pentanoic) acids in the gas phase to yield acetone and 3-
pentanone, respectively, which are widely used as solvent and starting reagents for 
organic synthesis. Previously, Zn-Cr oxides have been used to catalyse various reactions 
such as the synthesis of methanol from the synthesis gas,
27
 fluorination of hydrocarbons 
with HF, dehydrogenation of alcohols, hydrogenation of carboxylic acids and 
dehydroisomerisation of alpha-pinene to paracymene (
28, 29
and references therein).
 
Pd/Zn-Cr has been reported as a bifunctional catalyst of the synthesis of methyl isobutyl 
ketone.
28
 To our knowledge, Zn-Cr oxides have not so far been reported as catalysts of 
acid ketonisation so far. 
2 RCOOH            R2CO + CO2 + H2O                          (5.1) 
 
5.2 Catalyst testing 
The gas-phase ketonisation of carboxylic acids was performed in flowing N2 at 300-400 
°C under atmospheric pressure in a downflow quartz fixed-bed reactor. The reactor was 
packed with 0.2 g catalyst powder of 45-180 μm particle size. Typically, the reaction 
was carried out at a carboxylic acid concentration of 2 vol% and an N2 flow rate of 20 
ml min
-1
. Prior to reaction, the catalysts were heated at the reaction temperature in N2 
flow for 1 h.  Once the reaction had started, the downstream gas flow was analysed by 
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the online GC to obtain reactant conversion and product selectivity as discussed in 
Chapter 2 section 2.5. The selectivity was defined as the percentage of carboxylic acid 
converted into a particular product taking into account the reaction stoichiometry; thus 
100% ketene selectivity would mean 1 mol of carboxylic acid converted to form 0.5 
mol of ketone. CO and CO2 were not quantified and not included in reaction 
selectivities. The mean absolute percentage error in conversion and selectivity was ≤ 
10% and the carbon balance was maintained within 95%. 
 
 
5.3 Catalyst performance  
5.3.1 Bulk Zn-Cr oxides  
Bulk catalysts were tested in the ketonisation of acetic and propionic acids in the gas 
phase under the same conditions. In this case, the reaction was carried out in a range of 
temperatures and under N2 flow, while the amount of catalyst was held constant at 0.2 
g. The reaction was first tested for at least 4 h TOS, then the optimum catalyst was 
tested for a longer time under different temperature conditions. From the results it can 
be seen that both Zn-Cr ratio and temperature affected these ketonisation reactions. This 
section reports the selection of the best Zn-Cr ratio and the best catalytic activity at a 
suitable temperature for the long-term reaction, which was run for at least 18 h TOS. 
    The texture of the catalysts studied is summarised in Table 5.1. The Zn-Cr, ZnO and 
Cr2O3 oxides had Lewis acid sites. However, Zn-Cr (10:1) and Cr2O3 had also a small 
number of Brønsted acid sites. The acid strength of Zn-Cr oxide catalysts increased 
significantly with increasing the Cr content, with the ΔH values varying from -127 to -
193 kJ mol
-1
, which mostly represent strength of Lewis acid sites in Zn-Cr oxides. The 
Zn-Cr (1:10) oxide have an intermediate acid strength of ΔH = -150 kJ mol-1. Catalyst 
characterisation results are presented in Chapter 3 in detail.    
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Table 5.1 Catalyst characterisation 
Catalyst
a
 SBET
b
 
(m
2 
g
-1
) 
Pore volume
c
  
(cm
3 
g
-1
) 
Pore size
d
  
(Å) 
Cr2O3 243 0.26 42 
Zn-Cr (1:6) 230 0.32 55 
Zn-Cr (1:1) 136 0.11 32 
Zn-Cr (3:1) 101 0.10 56 
Zn-Cr (10:1)   43 0.10 90 
Zn-Cr (20:1)   13 0.03 87 
Zn-Cr (30:1)   10 0.02 86 
ZnO   12 0.03 98 
 
a 
Bulk oxides calcined at 300 
o
C under N2 for 5 h.  
b 
BET surface area. 
c 
Single point total pore volume. 
d 
Average BET pore diameter.  
 
 
 
5.3.1.1 Gas-phase ketonisation of acetic acid 
This subsection first reports experiments to test the effect of Zn-Cr ratio on the 
ketonisation of acetic acid, then the effect of temperature on both the conversion of 
acetic acid and the selectivity of acetone.  
 
5.3.1.1.1 The effect of Zn-Cr ratio 
Representative results obtained for the gas-phase ketonisation of acetic acid to acetone 
over bulk Zn-Cr oxides at 350 °C are shown in Table 5.2. It can be seen that catalyst 
performance depended crucially on the Zn/Cr atomic ratio. Most interestingly, Zn-Cr 
mixed oxides showed significantly higher catalytic activities than either of the pure 
parent ZnO and Cr2O3 oxides, with Zn-Cr (10:1) oxide being the most active one. The 
addition of Zn to Cr enhanced the activity of the catalyst.  
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Table 5.2 Ketonisation of acetic acid over bulk Zn-Cr oxide catalysts
a
  
Catalyst Temperature 
(°C) 
Conversion 
(%) 
Selectivity (%) 
Acetone Others
b 
ZnO 350   4 100 0 
Zn-Cr (30:1) 350 11 100 0 
Zn-Cr (20:1) 350 33 100 0 
Zn-Cr (10:1) 350 86 100 0 
Zn-Cr (3:1) 350 69   99 1 
Zn-Cr (1:1) 350 50   99 1 
Cr2O3 350 10 100 0 
a
 1 bar pressure, 0.2 g catalyst, 20 ml min
-1
 N2 flow rate, 2 vol% acetic acid, 4 h time on 
stream.  
 b
 Other products: methane, ethane and ethene; CO and CO2 not included. 
 
 At 350 °C the catalyst gave a very good acetone yield of 86% with 100% selectivity of 
acetone (average for 4 h TOS). This effect is similar to that observed with chromium-
zinc-manganese oxide at 325 °C, modified zirconia at 355 °C and Mg/Al hydrotalcite 
catalysts which were tested at 275 to 425 °C, as reported by Stonkus et al.
30
 and Parida 
et al.
31, 32
 respectively. 
  
5.3.1.1.2 The effect of temperature 
Zn-Cr (10:1) was chosen as the optimum catalyst from the above results and the effect 
of temperature studied in the range of 300-400
 
°C. It was found that catalyst activity 
increased as the reaction temperature increased (Table 5.3). At 300 °C, only 16% of 
acetic acid was converted and selectivity was 100%. At 350 °C, conversion increased 
sharply to 86%, while selectivity remained at 100%. Conversion increased again to 99% 
at 380 °C, but selectivity now fell slightly to 95%. When the temperature was increased 
further to 400 °C, conversion reached 100% and selectivity again dropped slightly to 
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93%, with 7% of hydrocarbons (C1 and C2) formed. Thus, the results obtained at 380 °C 
were slightly better than at 400 °C. 
At the optimum temperature of 380 °C, Zn-Cr (10:1) oxide gave 95% selectivity of 
acetone at 99% acetic acid conversion (i.e. 94% yield). Methane, ethane and ethene 
were formed as by-products, in addition to CO and CO2, which were not monitored. A 
small decrease in selectivity was evident at 400 °C and may have resulted from coke 
deposition on the catalyst surface.
12
 
Table 5.3 Ketonisation of acetic acid over bulk Zn-Cr (10:1) oxide catalyst
a
 
Catalyst Temperature 
(°C) 
Conversion 
(%) 
Selectivity (%) 
Acetone Others
b 
Zn-Cr (10:1) 300   16 100 0 
Zn-Cr (10:1) 350   86 100 0 
Zn-Cr (10:1) 380   99   95 4 
Zn-Cr (10:1) 400 100   93 7 
a
 1 bar pressure, 0.2 g catalyst, 20 ml min
-1
 N2 flow rate, 2 vol% acetic acid,  4 h TOS. 
 b
 Other products: methane, ethane and ethene; CO and CO2 not included. 
 
 
5.3.1.2 Gas-phase ketonisation of propionic acid 
5.3.1.2.1 The effect of Zn-Cr ratio 
Preliminary investigations with variable reaction parameters were carried out in order to 
obtain optimum conditions and the best Zn-Cr oxide catalyst for the ketonisation of 
propionic acid. The reaction was carried out at 330 °C under 20 ml min
-1
 N2 for 4 h TOS, 
catalysed by pure zinc and pure chromium oxides and a series of Zn/Cr oxides (Table 
5.4). The blank reaction was also tested and showed no pyrolysis of acid at 330 
o
C. The 
pure oxide catalysts were found to be highly selective, giving 100% selectivity for 
3-pentanone, but much less reactive than mixed oxides; in other words, the conversion of 
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acid was enhanced by adding zinc to chromium. Zn-Cr (1:1) gave 48% conversion of 
propionic acid, but selectivity was only 81% and the yield 39%, whereas Zn-Cr (10:1) 
showed 45% of conversion and 98% 3-pentanone selectivity, i.e. a 44% yield. The finding 
that Zn-Cr (10:1) gave better results than pure zinc or chromium oxides and than Zn-Cr 
(20:1) or Zn-Cr (30:1) is consistent with the results reported by Nagashima et al.
14
, who 
tested the performance of ceria mixed with other metal oxides such as Mg, Cr, Mn, Co, 
Ni, Cu, Zr, Fe and Al. The ketonisation of propionic acid to form 3-pentanone was carried 
out at 300-450 °C and 2.00 cm
3
 h
-1
 flow rate of liquid feed, revealing that CeO2-Mn2O3 
was the most active catalyst.   
Table 5.4 Gas phase ketonisation of propionic acid over zinc, chromium and mixed-
oxide catalysts
a
 
Catalyst Conversion  
(%) 
Selectivity (%) 
3-Pentanone Others
b
 
none 
ZnO 
  0 
  5 
    0 
100 
  0 
  0 
Zn-Cr (30:1) 21 100   0 
Zn-Cr (20:1) 31   96   4 
Zn-Cr (10:1) 45   98   2 
Zn-Cr (1:1) 48   81   9 
Zn-Cr (1:6)   6   89 11 
Cr2O3   3 100   0 
a
 1 bar pressure, 330 
o
C, 0.2 g catalyst, 2 vol% propionic acid in N2 flow, 20 ml min
-1
 
flow rate,  4 h TOS. 
 b
 Other products: C1-C3 alkanes and alkenes, 2-propanol; CO and CO2 not included. 
 
 
5.3.1.2.2 The effect of temperature 
As Zn-Cr (10:1) was found to be the optimum catalyst for the ketonisation of propionic 
acid in the gas phase, among those listed in Table 5.4, its performance was next tested 
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under the same conditions but at a range of reaction temperatures from 350 to 400 °C. 
For comparison, Zn-Cr (20:1) and Zn-Cr (30:1) were also tested at 350 °C and 400 °C 
(Table 5.5). Generally, the results show that increasing the temperature led to an 
increase in the conversion of propionic acid, but a reduction in the selectivity of 3-
pentanone was observed, as previously reported. At 350 °C, Zn-Cr (10:1) showed 70% 
of acid conversion, compared with only 33% and 53% respectively for Zn-Cr (20:1) and 
Zn-Cr (30:1). Again, the performance of Zn-Cr (10:1) mixed oxide was best at 380 °C, 
where it gave 93% selectivity to 3-pentanone at 98% propionic acid conversion (i.e. 
92% yield), with C1-C3 alkanes and alkenes and 2-propanol formed as by-products 
probably by decarbonylation and decarboxylation of propionic acid and acid-catalysed 
cracking of 3-pentanone. Table 5.5 shows clearly that conversion increased with 
temperature, reaching 97% at 400 °C over Zn-Cr (10:1), but selectivity decreased to 
88% at this temperature. Similar results were obtained for Zn-Cr (30:1).  
 
Table 5.5 Effect of temperature on the gas phase ketonisation of propionic acid over 
mixed zinc-chromium oxides
a
 
Catalyst 
 
Temp. 
(°C) 
 
Conversion 
(%) 
 
Selectivity (%) 
3-
Pentanone 
C1-C3 
alkane 
C2-C3 
alkene 
Others
b
 
Zn-Cr (10:1) 350 70 100 0 0   0 
Zn-Cr (10:1) 380 98   94 0 0   6 
Zn-Cr (10:1) 400 97   88 2 4   6 
Zn-Cr (20:1) 350 33 100 0 0   0 
Zn-Cr (20:1) 400 87   82 0 1 17 
Zn-Cr (30:1) 350 53   97 0 0   3 
Zn-Cr (30:1) 400 90   83 0 0 17 
a
 0.2 g catalyst, 2 vol% propionic acid in N2 flow, 20 ml min
-1
 flow rate,  4 h TOS.
 
b
 Other products: C1-C3 alkanes and alkenes, 2-propanol; CO and CO2 not included. 
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5.3.1.2.3 Stability of Zn-Cr (10:1) in the gas-phase ketonisation of propionic acid 
Catalyst stability in propionic acid ketonisation was studied at the following reaction 
conditions: 2 vol% propionic acid, 0.2 g of bulk Zn-Cr (10:1) oxide, 20 ml min
-1
 N2, 18 
h TOS and 380 °C. The catalyst exhibited excellent stability in the formation of the 
main product, 3-pentanone, with the formation of some isopropanol, light hydrocarbons 
(C1-C3 alkanes and alkenes) as Figure 5.1 shows. These results show stable catalyst 
performance for at least 18 h TOS with only a small drift in conversion from 98 to 95% 
at a constant 3-pentanone selectivity 93-95%. The coke deposition on Zn-Cr (10:1) 
spent catalyst amounted to 4.10 wt% as have been presented in section 3.8, Table 3.8. 
 
Figure 5.1 Propionic acid conversion and product selectivity over bulk Zn-Cr (10:1) 
versus time on stream (0.2 g of catalyst, 380 °C, 1 bar pressure, 20 mL min
-1
 N2 flow 
rate, 2 vol% propionic acid). 
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5.3.1.3 Gas-phase ketonisation of pentanoic acid 
Several authors report the production of 5-nonanone from both levulinic and pentanoic 
acids using heterogeneous catalysts such as Ru/C with Pd/Nb2O5, and supported metal 
oxides.
33-35
 CeO2/Al2O3 and MnO2/Al2O3 were active catalysts in the ketonisation of 
pentanoic acid in the gas phase, achieving 80-94% conversion and ≥ 94% selectivity.36 
The ketone 5-nonanone has been found very useful in many applications, including the 
manufacture of detergents, paints and cosmetics.
35
 
 
   Here, in addition to acetic and propionic acids, the ketonisation of pentanoic acid was 
tested using 0.2 g of bulk Zn-Cr (10:1) oxide in the temperature range of 350-400 °C, at 
20 ml min
-1
 of N2 flow. Figure 5.2 shows that as the temperature increased, conversion 
also increased but selectivity decreased. At 350 °C, 5-nonanone selectivity was 66%, 
dropping sharply to 18% at 400 °C. By comparison, ZrO2 calcined at 450-500 °C in air 
gave 66-65% 5-nonanone yields at 355 °C; when 10 wt% of CeO2 was added to the 
ZrO2 catalyst, then calcined at 450 °C, yield of 5-nonaone was found to improve to 73 
% at 355 °C.
35
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Figure 5.2 Ketonisation of pentanoic acid over 0.2 Zn-Cr (10:1), 2 vol%, 20 ml min
-1
 
N2. 
 
5.3.2 Performance of supported catalysts  
5.3.2.1 Ketonisation of propionic acid catalysed over SiO2, Al2O3 and TiO2  
In the search for better catalytic performance, Zn-Cr (10:1), which showed the best 
results in the ketonisation reaction, was supported on SiO2, Al2O3 and TiO2. These 
supports possessing considerable Brønsted and Lewis acidity were themselves found 
active in this reaction and hence contributed to the catalyst activity observed. These 
materials were themselves first tested for their catalytic activity. The results in Table 5.6 
show that they were all active as catalysts in the ketonisation of propionic acid. As the 
temperature was increased, conversion also increased. However, the selectivity of 3-
pentanone decreased. SiO2 gave no reaction at 350 or 380 °C, although it has been 
found active at higher temperatures (Chapter 4), while Al2O3 and TiO2 showed good 
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catalytic activity at 380 and 400 °C. TiO2 gave 99% of propionic acid conversion, but 
the selectivity of 3-pentanone dropped sharply to 40% at 400 °C.  
 
TiO2 catalyst showed moderate activity at higher temperatures 350-400 
o
C. However, 
this catalyst gave only 60% selectivity to 3-pentanone at 380 
o
C. In contrast, Zn-Cr 
(10:1) gave 94% 3-pentanone selectivity at 98 % conversion of propionic acid. At lower 
temperature 330 
o
C, Zn-Cr (10:1) was still active, whereas TiO2 was practically 
inactive.   
Table 5.6 Gas phase ketonisation of propionic acid over SiO2, Al2O3 and TiO2
a
 
Catalyst
 
Temperature 
(°C) 
Conversion 
(%) 
Selectivity (%) 
3-Pentanone Others
b
 
SiO2 350   0   0   0 
SiO2 
SiO2
 
380 
400 
  0 
23 
  0 
90 
  0 
10 
Al2O3 350 22 98   2 
Al2O3 380 61 98   2 
Al2O3 400 93 73 27 
TiO2 350 98 78 22 
TiO2 380 99 60 40 
TiO2 400 99 40 60 
a
 1 bar pressure, 0.2 g catalyst, 20 ml min
-1
 N2 flow rate, 2 vol% propionic acid,  4 h 
time on stream. 
b
 Other products: C1-C3 alkanes and alkenes, 2-propanol; CO and CO2 
not included. 
 
5.3.2.2 Gas-phase ketonisation of propionic acid over supported Zn-Cr (10:1)  
Supporting Zn-Cr (10:1) oxide on γ-Al2O3 and TiO2 was found to further improve its 
performance in propionic acid ketonisation (Table 5.7), whereas silica-supported Zn-Cr 
(10:1) oxide exhibited only a moderate ketonisation activity, consistent with the poor 
results for SiO2 noted above. The best results were obtained with 20%Zn-Cr 
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(10:1)/Al2O3 at 380 °C: 97% 3-pentanone selectivity at 99% propionic acid conversion 
(96% yield). This performance is considerably better than that obtained for the 20:80 
w/w physical mixture of Zn-Cr (10:1) and Al2O3. The latter showed a conversion of 
63%, close to the weighted sum of activities of Zn-Cr (10:1) and Al2O3 (Table 5.7). The 
enhanced catalytic activity of supported catalyst may be attributed to a higher dispersion 
of Zn-Cr oxide on the alumina surface. This is supported by our powder XRD data 
Chapter 3 section 3.5.2, Bulk Zn-Cr(10:1) oxide and 20%Zn-Cr(10:1)/Al2O3 calcined at 
380 
o
C/5 h were found to have a ZnO particle size of 52±6 and 37±1 nm, respectively, 
which indicates a higher dispersion of the ZnO phase in the supported catalyst 
compared to the bulk one. 
Table 5.7 Gas phase ketonisation of propionic acid over supported Zn-Cr (10:1) oxide 
catalysts
a
 
Catalyst
a 
Temperature 
(°C) 
Conversion 
(%) 
Selectivity (%) 
3-Pentanone Others
b
 
20% Zn-Cr(10:1)/SiO2  350   12 100   0 
20% Zn-Cr(10:1)/SiO2  380   51   94   6 
20% Zn-Cr(10:1) / SiO2  400   56   90 10 
20% Zn-Cr(10:1)/Al2O3 350   48 100   0 
20% Zn-Cr(10:1)/Al2O3 380   99   97   3 
Zn-Cr(10:1)+Al2O3(20:80)
c 
380   63   97   3 
20% Zn-Cr(10:1)/Al2O3 400   99   90 10 
20% Zn-Cr(10:1)/TiO2 350   65   97   3 
20% Zn-Cr(10:1)/TiO2 380   97   94   6 
20% Zn-Cr(10:1)/TiO2 400 100   88 12 
a
 1 bar pressure, 0.2 g catalyst, 20 ml min
-1
 N2 flow rate, 2 vol% propionic acid,  4 h 
time on stream. 
b
 Other products: C1-C3 alkanes and alkenes, 2-propanol; CO and CO2 not included.  
c 
Zn-Cr(10:1) + Al2O3 (20:80 w/w physical mixture). 
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5.3.2.3 Stability of supported Zn-Cr (10:1) oxide in the gas-phase ketonisation 
of propionic acid 
The 20%Zn-Cr (10:1)/Al2O3 catalyst exhibited stable performance for at least 24 h time 
on stream practically without catalyst deactivation, with conversion slightly drifting 
from 99 to 97% at a constant 3-pentanone selectivity of 94-95% (Figure 5.3). This small 
drift in conversion may be caused by catalyst coking: a small amount of coke was 
indeed found in the catalyst after this run (1.4% carbon content).  
 
 
 
Figure 5.3 Propionic acid conversion and products selectivity versus time on stream 
(380 °C, 0.2 g of 20% Zn-Cr (10:1)/Al2O3, 20 ml min
-1
 N2). 
 
Both Bulk Zn-Cr (10:1) oxide and 20%Zn-Cr(10:1)/Al2O3 supported catalyst exhibited 
no any deactivation in the reaction at 350 
o
C at 72% and 44% conversion, respectively, 
and 100% 3-pentanone selectivity without any deactivation for at least 6 h on stream 
(Figure 5.4). 
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Figure 5.4 Time course for propionic acid ketonisation over bulk Zn-Cr(10:1) oxide 
and 20%Zn-Cr(10:1)/Al2O3 supported catalyst (350 
o
C, 1 bar pressure, 0.2 g catalyst, 20 
mL min
-1
 N2 flow rate, 2 vol% propionic acid). 
 
 
    It is generally difficult to compare the activity of catalysts reported by different 
groups due to different reaction conditions applied. Nevertheless, by the yield of 3-
pentanone obtained, Zn-Cr (10:1) oxide is on a par with the best ketonisation catalysts 
reported so far,
7, 8
 e.g., CeO2-Mn2O3.
14
 The CeO2-Mn2O3 oxide has a higher catalytic 
activity than either of the parent CeO2 and Mn2O3 oxides, with the highest activity at a 
Ce/Mn atomic ratio of 2:3 providing an average 3-pentanone yield of 84-90% over 5 h 
time on stream at 350-400 
o
C and W/F = 10 h g mol
-1
 for propionic acid.
14
 The activity 
of CeO2 and MnO2 in ketonisation of acetic and propionic acids has been found to 
increase upon their loading (20%) on Al2O3,
18
 similar to Zn-Cr oxide.  
 In related work reported in the literature, MnO2/Al2O3 supported catalyst was studied 
in the ketonisation of heptanoic acid for 20 h TOS. Alumina was found to offer the most 
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pronounced augmentation of the catalytic activity, compared with other supports such 
as silica and zirconia.
37
 In addition, when 20 wt% of CeO2/SiO2 was tested in the 
ketonisation of acetic acid for 15 h TOS, its performance was stable at 350 °C and 2 
cm
3
 g
-1
 h
-1
 of liquid hourly space velocity.
18
 Mg catalyst supported on Al2O3 was tested 
in varying ratios and found to be active in the ketonisation of acetic acid in a gas phase 
fixed-bed reactor. The reaction was tested for 12.5 h TOS at 350 °C and the steady state 
was reached at 5 h TOS.
31
 
 
5.4 Activation energy (Ea) for ketonisation of propionic acid 
In this study, the activation energy of Zn-Cr(10:1) was calculated in the gas-phase 
ketonisation of propionic acid using a fixed-bed reactor, with 20 ml min
-1
 N2 flow rate, 
2 vol% concentration of propionic acid and 0.04 g of Zn-Cr (10:1) oxide catalyst diluted 
to 0.2 g by silica, Aerosil-300. The results are listed in Table 5.8 and the activation 
energy plot in Figure 5.5 shows that the apparent activation energy was 124 kJ mol
-1
 in 
the temperature range 300-320 °C (under differential conditions at propionic acid 
conversion ≤ 10%), which indicates that the reaction occurred under kinetic regime in 
this temperature range and probably above up to 380
o
C. This is also supported by the 
Weisz-Prater analysis
38
 of the reaction system: Weisz-Prater criterion CWP = 1∙10
-1
 < 1 
indicating no internal diffusion limitations). 
The conversion was kept below 10% to ensure differential conditions in the reactor. In 
differential mode, the reaction rate is proportional to the conversion, which allows 
conversion to be used instead of reaction rate in the Arrhenius equation. A conversion 
of less than 10% was achieved by reducing the amount of catalyst.  
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Table 5.8 Activation energy determination for gas-phase ketonisation of propionic acid 
to 3-pentanone over Zn-Cr (10:1)  
Reaction 
 temperature (ºC) 
Propionic acid 
conversion (%) 
1/T (K) Ln (conversion) 
300 2.91 0.001745 1.068 
310 5.34 0.001715 1.675 
320 6.99 0.001686 1.944 
 
 
Figure 5.5 Arrhenius plot for ketonisation of propionic acid in the gas phase over Zn–
Cr (10:1). 
 
5.5 Ketonisation mechanism 
Ketonisation occurs with carboxylic acids possessing α-hydrogen atoms at least in one 
of the reacting acid molecules.
7, 8
 Several mechanisms have been proposed for this 
reaction.
7, 8
 These include: (i) decomposition of metal carboxylate, (ii) via acid 
anhydride intermediate, (iii) via -ketoacid intermediate and (iv) via ketene 
intermediate route (for a recent review, see
8
). It is thought that basic and amphoteric 
materials are favourable catalysts for ketonisation.
7, 8
 However, heteropoly acid 
H3PW12O40 possessing very strong proton sites and practically no bacisity has also been 
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found active in propionic acid ketonisation at 200-250 
o
C, probably occurring via the 
ketene intermediate route.
13
 This suggests that the mechanism may depend on many 
factors, especially the type of catalyst used. 
Numerous IR spectroscopic studies have dealt with carboxylic acid adsorption on metal 
oxides, e.g., TiO2, Al2O3, CeO2, SnO2, and MgO.
39-42
 There is compelling evidence that 
carboxylic acids adsorb dissociatively on a pair of the neighbouring Lewis acid and base 
sites on the metal oxide surface to form a metal carboxylate in monodentate, bidentate 
chelate or bidentate bridging bonding mode. 
 
 
          monodentate                      bidentate chelate              bidentate bridging bonding  
 
DFT analysis
40
 shows that for adsorption of formic, acetic and propionic acids on metal 
oxides the bridging mode is more likely (Scheme 5.1), and such surface species have 
been suggested as possible intermediates for ketonisation of carboxylic acids.
39, 43
  
 
Scheme 5.1 Dissociative adsorption of carboxylic acid on a metal oxide. 
Figure 5.6 shows the DRIFT spectrum of acetic acid adsorbed on Zn-Cr (10:1) oxide 
measured in the absence of acetic acid in the gas phase after evacuation at 160 
o
C. This 
spectrum is similar to those reported previously for other metal oxides.
39-42
 The absence 
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of a peak characteristic of the C=O stretch in the region of 1690-1790 cm
-1
 clearly 
shows that there is no physisorbed acetic acid present. The peaks at 1424 and 1351 cm
-1
 
can be assigned to C-H deformations. The bands at 1553 and 1462 cm
-1
 can be 
attributed to the antisymmetric and symmetric vibrations of the OCO group of 
acetate,
39-42
 which indicates the bridging mode for acetate bonding (Scheme 5.1).
40
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 DRIFT spectrum of acetic acid adsorbed on Zn-Cr (10:1) oxide after 
evacuation at 160 
o
C/10
-5
 bar for 1 h. 
 
It is conceivable that over Zn-Cr oxides ketonisation occurs via the -ketoacid 
intermediate route (Scheme 5.2), which is considered favourable for amphoteric 
oxides.
8
 This reaction pathway probably involves dissociative adsorption of a 
carboxylic acid molecule on the neighbouring Lewis acid and base sites of Zn-Cr oxide 
followed by non-dissociative adsorption of another acid molecule on adjacent Lewis 
acid site. Abstraction of α-hydrogen and C-C bond formation lead to the -ketoacid 
intermediate. The latter is decarboxylated to yield ketone together with CO2 and H2O. 
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The formation of C-C bond may be the rate-limiting step, as found for ketonisation of 
acetic, propionic and butyric acids over Ru/TiO2.
43
 The higher catalytic activity of Zn-
Cr oxide as compared to ZnO and Cr2O3 may be explained by more efficient activation 
of acid molecule when it bridges different metal sites. 
     Ketonisation over redox active CeO2-Mn2O3 oxide has been proposed to occur via 
the -ketoacid route involving a redox cycle.14 This mechanism involves dissociative 
adsorption of acid molecules to form surface carboxylates, abstraction of α-hydrogen 
atom from surface carboxylate to form an anion radical and its addition to another 
carboxylate to produce -ketoacid followed by decarboxylation to yield ketone. The 
surface metal in oxide may be reduced by the abstracted α-hydrogen atom and re-
oxidised by the desorbed hydroxyl radical. Such redox cycle, however, is unlikely for 
the Zn-Cr oxide which lacks any significant redox ability. 
 
 
    
Scheme 5.2 Proposed mechanism for ketonisation of carboxylic acids via -ketoacid 
intermediate route.  
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5.6 Conclusions 
In this work, we have demonstrated that bulk Zn-Cr mixed oxides with a Zn/Cr atomic 
ratio of 1:1 to 20:1, prepared by co-precipitation of Zn
II
 and Cr
III
 hydroxides, are  active 
and durable catalysts for the gas-phase ketonisation of carboxylic (acetic and propionic) 
acids at 300-400 °C and ambient pressure. Amongst them, Zn-Cr (10:1) oxide shows the 
best performance. In contrast, the parent oxides ZnO and Cr2O3 exhibit a poor 
ketonisation activity. Supporting the Zn-Cr oxide on TiO2 or γ-Al2O3 enhances its 
catalytic activity. The 20%Zn-Cr/Al2O3 catalyst gives 97% selectivity to 3-pentanone at 
99% conversion of propionic acid at 380 °C, without any observed catalyst deactivation 
during at least 24 h TOS. Zn-Cr oxides have been characterised by BET, XRD, DRIFTS 
of ammonia adsorption and microcalorimetry of ammonia adsorption. Zn-Cr (10:1) 
oxide possesses Brønsted and Lewis acidity with a ratio of acid site densities B/L = 0.07 
and a differential enthalpy of ammonia adsorption ΔH = -150 kJ/mol. The high 
ketonisation efficiency of Zn-Cr (10:1) oxide may be ascribed to an appropriate 
combination of its acid-base properties. 
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Chapter 6  
Metal oxide as active and recyclable catalysts for 
the synthesis of nopol by Prins condensation 
 
 
6.1 Introduction 
The development of sustainable chemical processes utilizing renewable raw materials is 
a major goal of academia and industry.
1, 2
 In this context, terpenes are important 
feedstock for the perfumery, food and pharmaceutical industries.
3-5
 Acid-catalysed 
transformations of terpenes, such as isomerisation, hydration, esterification and 
condensation, are widely employed for the industrial production of value-added terpenic 
compounds.
3-5
 These reactions are often carried out as batch processes using large 
amounts of mineral acids as homogeneous catalysts, with moderate yields and an 
adverse impact on the environment. The challenge addressed in this chapter is the 
replacement of homogeneous acid catalysts with environmentally benign heterogeneous 
catalysts having the advantages of ease of recovery and suitability for continuous 
processing.  
Nopol is an optically active bicyclic primary alcohol used in the agrochemical industry 
to produce pesticides and in soap fragrances, detergents and other household products 
due to its balsamic odour.
4
 Nopol is generally produced by Prins condensation of β-
pinene and paraformaldehyde (Equation 6.1) using homogeneous acid catalysts.
6
 These 
methods, however, suffer from severe reaction conditions, low yields and unwanted side 
products. Several heterogeneous catalysts have been used to overcome these problems. 
These include mesoporous materials comprising Sn, Zn, Zr and Fe, zeolites, sulphated 
zirconia, Fe-Zn metal cyanides, ZnCl2 supported on montmorillonite and Sn(OH)Cl (
7-12
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and references therein). Some of them provide high nopol yields and can be recycled, 
but are not easily available.  
 
          β-pinene          paraformaldehyde                      nopol 
In our group extensive search for efficient solid acid catalysts for terpene conversions,
13-
18
 we found that certain metal oxides were active heterogeneous catalysts for the 
synthesis of nopol. We now report that the readily available Zn(II)-Cr(III) mixed oxide 
is a highly efficient and recyclable catalyst for Prins condensation (Equation 6.1).
*
 
Previously, Zn-Cr oxide has been used to catalyse many reactions such as the synthesis 
of methanol, the fluorination of hydrocarbons with HF, dehydrogenation of alcohols, 
hydrogenation of carboxylic acids, dehydroisomerisation of α-pinene and synthesis of 
methyl isobutyl ketone (
19, 20
 and references therein). To our knowledge, little research 
on the use of metal oxides as catalysts for the Prins reaction has been reported so far.
11
 
  
6.2 Prins condensation by Zn-Cr mixed oxide catalysts 
The Prins condensation reaction was carried out in a glass reactor equipped with a 
magnetic stirrer and reflux condenser. Typically, the reaction mixture contained 10 
mmol paraformaldehyde, 5 mmol β-pinene, 5 ml acetonitrile solvent and 100 mg of 
catalyst, which was calcined at 300 °C under N2 for 5 h and ground to 45-180 μm 
particle size.
19
  
_______________________         
* This work was carried out in collaboration with Vinicius V.  Costa, Federal Minas Gerais University, Brazil. 
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This mixture was placed in an oil bath preheated to the required temperature. After 6 h, 
when the reaction was complete, the mixture was cooled to room temperature.  
The reaction products were then quantified by a GC equipped with flame ionisation 
detector, using the method detailed in Chapter 2.  
The representative results of catalytic activity and the texture (surface area, pore volume 
and pore diameter) of Cr2O3, ZnO and Zn-Cr oxides catalysts studied are given in Table 
6.1. The characterisation of theses catalysts has already been discussed in detail in 
section 3.2.3.  
Table 6.1 Nopol synthesis catalysed by metal oxides at 80 °C
a
 
Catalyst
b
 SBET
c
 
(m
2
g
-1
) 
Pore vol
d
  
(cm
3
g
-1
) 
Pore size
e
   
(Å) 
Conversion 
(%)  
Selectivity 
(%) 
Cr2O3 243 0.26 42.1 40 100 
Zn-Cr(1:30) 223 0.16 29.0 23 100 
Zn-Cr(1:10) 193 0.15 31.0 14 100 
Zn-Cr(1:6) 230 0.32 55.3 42 100 
Zn-Cr(1:1) 136 0.11 32.3   8 100 
Zn-Cr(10:1)   43 0.10 90.3   3 100 
Zn-Cr(20:1)   13 0.03 87.0   5 100 
Zn-Cr(30:1)   10 0.02 86.1   2 100 
ZnO   12 0.03 98.3   0     0 
 
a
 Reaction conditions: 100 g catalyst, 10 mmol paraformaldehyde, 5 mmol β-pinene, 
5 ml acetonitrile solvent, 6 h reaction time.                                                                                        
b
 Calcined at 300 °C under N2 for 5 h and ground to 45-180 μm particle size. 
c
 BET surface area. 
d
 Single point total pore volume. 
e
 Average BET pore diameter.  
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The reaction did not occur in the absence of catalyst. Four of the metal oxides tested, γ-
Al2O3, ZrO2, SiO2 and TiO2, showed only moderate catalytic activity (≤ 15% 
conversion), while Cr2O3 showed the best activity, with 100% nopol selectivity. The 
performance of this catalyst was improved by adding Zn(II) oxide to the Cr(III) oxide. 
Interestingly enough, the mixed Zn(II)-Cr(III) oxide with a Zn/Cr atomic ratio of 1:6 
showed a better performance that pure Cr2O3, although Zn(II) oxide itself was 
practically inactive in reaction 6.1. 
The synthetic protocol was further improved by increasing the amount of catalyst to 
8 wt% of total reaction mixture and the paraformaldehyde/β-pinene molar ratio to 6:1, 
as well as by increasing the reaction time from 6 to 10 h. The Zn-Cr (1:6) mixed oxide 
that showed the best catalytic performance in nopol synthesis had surface area of 230 
m
2
 g
-1
, a pore volume of 0.32 cm
3
g
-1
 and an average pore diameter of 55 Å. From XRD 
analysis, Zn-Cr (1:6) calcined at 300 
o
C was amorphous, but after calcination at 400 
o
C 
it exhibited the pattern of Cr2O3 phase, with a little of ZnCr2O4 spinel also presented. 
Zn-Cr (1:6) catalyst resulted in an excellent yield of nopol (97% β-pinene conversion at 
100% nopol selectivity). It should be noted that pure Cr2O3 yielded 92% under the same 
conditions. For selective synthesis of nopol, the requirement of strong Lewis or weak 
Brønsted acid sites has been indicated.
21, 22
 As demonstrated in Chapter 3, Zn-Cr (1:6), 
ZnO and Cr2O3 had Lewis acid sites. Zn-Cr (1:6) and Cr2O3 had also Brønsted acid 
sites. ZnO, however, did not show any Brønsted acid sites.  
 
6.2.1 The effect of reaction temperature  
Temperature has a significant effect on conversion and nopol selectivity in the Prins 
reaction, over a wide range of reported catalytic systems. Here, many catalysts were 
investigated in the liquid phase reaction, including pure chromium oxide, pure zinc 
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oxide and various mixtures of zinc and chromium oxides. However, to study the effect 
of temperature on catalyst performance, we concentrated on the best mixed-oxide 
catalyst, which was Zn-Cr (1:6). The Prins reaction was performed in the temperature 
range of 70-90 °C, using 100 mg catalyst, 10 mmol paraformaldehyde, 5 mmol β-pinene 
and 5 ml acetonitrile solvent, for a reaction time of 6 h.
7
 Figure 6.1 shows the effect of 
temperature on the conversion of β-pinene and the selectivity of nopol as the main 
product. Increasing the temperature from 70 °C to 80 °C increased the conversion of β-
pinene to 44% while the selectivity remained at 100%, but at 90 °C conversion fell to 
35%, a possible reason being isomerisation and oligomerisation of β-pinene during the 
reaction. Since the best catalytic conversion was recorded at 80 °C,
23
 the reaction was 
performed at this temperature in most of the work reported in this chapter.  
 
 
Figure 6.1 Effect of temperature in the Prins condensation of β-pinene and 
paraformaldehyde using 100 mg of Zn-Cr (1:6) catalyst, 10 mmol paraformaldehyde, 5 
mmol β-pinene, 5 mL acetonitrile solvent, 6 h reaction time. 
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6.2.2 Effect of β-pinene/paraformaldehyde ratio  
The effect of varying the ratio of β-pinene to paraformaldehyde in the Prins reaction to 
produce nopol was studied. The molar ratio was varied between 1:2 and 1:6, in 
acetonitrile at temperatures from 70 to 90 °C and 100 mg of catalyst Zn-Cr (1:6). 
Conversion increased as the molar ratio of substrates was increased up to 1:6, but at 
higher ratios than this, the mixture became viscous and no significant change in the 
conversion was noted. We therefore concentrated on the 1:6 molar ratio. The results of 
these experiments are presented in Figure 6.2. 
 
 
Figure 6.2 Effect of β-pinene to paraformaldehyde ratio in the Prins condensation 
reaction under the following conditions: 80 °C, 100 mg Zn-Cr (1:6) catalyst, 10-30 
mmol paraformaldehyde, 5 mmol β-pinene, 5 mL acetonitrile solvent, 6 h reaction time.  
 
 
6.2.3 Effect of Zn-Cr (1:6) amount 
The effect of catalyst amount on conversion and selectivity was studied, using from 100 
to 500 mg of catalyst, with different ratios of β-pinene to paraformaldehyde, 5 mL of 
acetonitrile as solvent and 6 h reaction time. Conversion of β-pinene reached 42% with 
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100% selectivity when using 100 mg of Zn-Cr (1:6). Increasing the amount of catalyst 
to 500 mg gave 80% conversion and a slightly lower selectivity of 98% (Figure 6.3). 
When 500 mg of catalyst was used with a higher ratio of 1:6 β-pinene to 
paraformaldehyde, the result was 95% conversion and 100% selectivity. Thus, the nopol 
yield increased with increasing the amount of catalyst.
24
 
 
 
Figure 6.3 Effect of the amount of Zn-Cr (1:6) catalyst in Prins condensation under the 
following conditions: 100 and 500 mg catalyst, 10 mmol paraformaldehyde, 5 mmol β-
pinene, 5 mL acetonitrile as solvent, 6 h reaction time.  
 
  
6.2.4 Solvent effect 
The next experiment tested the effect of two different solvents, acetonitrile and toluene, 
on the catalytic activity of Cr2O3 and Zn-Cr (1:6) in Prins condensation. Acetonitrile 
gave better activity than toluene, because the yield of nopol increases as the polarity of 
the solvent increases.
25
 This probably results from the interaction between nitrogen lone 
pairs of electrons and positively charged intermediate species.
24
 The effect of varying 
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the amount of solvent was tested by using 2.5 and 5 mL of acetonitrile. The molar ratio 
of β-pinene to paraformaldehyde was 1:2 and 100 mg of catalyst was used at 80 °C. The 
activity of the catalyst reached 42% when the amount of acetonitrile was 5 mL. 
Reducing the amount of acetonitrile to 2.5 mL, the conversion increased to 52% at a 
constant nopol selectivity of 100% as Figure 6.4 shows. These results are indicating 
that, increasing the amount of solvent reduced catalytic activity. A possible explanation 
is that the catalyst’s active sites might be blocked.24 
 
 
Figure 6.4 Effect of amount of acetonitrile solvent on conversion and selectivity in 
Prins condensation under the following conditions: 100 mg catalyst, 5 mmol β-pinene, 
10 mmol paraformaldehyde, and 6 h reaction time.  
 
6.2.5 Prins reaction over supported Zn-Cr catalysts 
To examine the effect of catalyst supports, the pure supports Al2O3, SiO2 (Aerosil-300 
SBET=300 m
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-1
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mg of catalyst, 10 mmol of paraformaldehyde, 5 mmol of β-pinene, at 80 °C for 6 h. 
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The results listed in Table 6.2 show that both Al2O3 and TiO2 were active at 100 mg 
catalyst amount, giving 100% selectivity and 15% conversion, while the silica support 
was practically inactive under the same conditions, with only 2% conversion.  
Supporting Zn-Cr (1:6) oxide on silica gave significant improvement in activity when 
using 500 mg of catalyst. The 20% Zn-Cr (1:6)/SiO2 catalyst, with a Zn-Cr oxide 
loading of 20 wt%, performed almost as well as the bulk Zn-Cr oxide per total catalyst 
weight, giving a 94% nopol yield at 80 °C, 500 mg of catalyst, a 1:6 ratio of β-pinene 
and paraformaldehyde and 6 h reaction time (Table 6.2).  
 
Table 6.2 Effect of supported catalyst on Prins reaction
a
 
Catalyst
b
 Catalyst weight 
(g)  
Conversion (%)  Selectivity (%) 
Al2O3 100 15 100 
Al2O3 500 28 100 
SiO2 100   2 100 
SiO2 500   4 100 
TiO2 100 15 100 
TiO2 500 28   96 
Zn-Cr (1:6)/SiO2 500 69 100 
Zn-Cr (1:6)/ Al2O3 500 77   96 
Zn-Cr (1:6)/ TiO2 500 62   98 
a
 Reaction conditions: 10 mmol paraformaldehyde, 5 mmol β-pinene, 5 mL acetonitrile 
solvent, 6 h reaction time.      
b
 Calcined at 300 °C under N2 for 5 h and ground to 45-180 μm particle size.  
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6.3 Prins condensation using niobium oxide catalyst 
Niobium oxide was studied as a catalyst of the Prins reaction to produce nopol, using 
10 mmol paraformaldehyde, 5 mmol β-pinene and 5 mL acetonitrile solvent, for 6 h 
reaction time. Table 6.3 summarised the texture of niobium oxide catalysts studied in 
this reaction which have been discussed in detail in Chapter 3, section 3.2.4. The 
calcination temperature was varied and different quantities of catalyst were used to 
determine the effect of these parameters on catalytic activity. The reaction over niobium 
oxide was studied for at least 10 h reaction time.  
Table 6.3 BET values for niobium oxide catalysts  
Catalyst
a
 Calcination 
temperature (°C) 
SBET
b  
(m
2
g
-1
) 
Pore volume
c
  
(cm
3
g
-1
) 
Pore size
d
  
(Å) 
Nb2O5 
Nb2O5 
Nb2O5 
Nb2O5 
Nb2O5 
110 
200 
300 
400 
500 
243 
238 
226 
172 
 90 
0.25 
0.27 
0.27 
0.16 
0.18 
41 
45 
47 
38 
82 
a 
Calcined at 110-500 °C under air for 3 h and ground to 45-180 μm particle size. 
b 
BET surface area.  
c 
Single point total pore volume.   
d 
Average BET pore diameter. 
  
 
6.3.1 The effect of catalyst calcination temperature 
To examine the effect of the calcination temperature of niobium oxide catalyst on the 
conversion of β-pinene and the selectivity of nopol, the reaction was carried out using 
100 mg of catalyst, 10 mmol paraformaldehyde, 5 mmol β-pinene and 20 mmol 
acetonitrile as solvent, at 80 °C for 6 h. The catalyst was calcined at a range of 
temperatures from 110 to 500 °C. Nb2O5 exhibited high activity in the Prins reaction to 
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produce nopol, with 94-96% selectivity to nopol (β-pinene isomers pinocarveol and 
pinocarvone and nopol isomers myrtenal and myrtenol were formed as by-products). 
Table 6.4 shows that increasing the calcination temperature reduced the catalytic 
activity: niobium oxide calcined at 110 °C showed a higher conversion rate (50%) than 
the same catalyst calcined at higher temperatures. For example, at 500 °C, the 
conversion dropped to 31% with no significant change in selectivity. Nb2O5, calcined at 
110-300 
oC, possessing mainly Brønsted acidity, exhibited the ΔH values in the range of 
115 to 129 kJ mol
-1
, which are largely characteristic of the proton sites in niobia as it 
has been presented in Chapter 3 section 3.7. The reduction in activity with increasing 
calcination temperature can be explained by the decrease in the number of active sites 
available for the reaction as the catalyst is calcined at a higher temperature.  
 
Table 6.4 Nopol synthesis catalysed by niobium oxide Nb2O5 at 80 °C
a
 
Calcination temperature 
(°C)
b 
Conversion (%) Selectivity (%) 
110 50 95 
200 49 96 
300 36 95 
400 33 95 
500 31 94 
 
a
 Reaction conditions: 100 mg catalyst, 10 mmol paraformaldehyde, 5 mmol β-pinene, 
20 ml solvent acetonitrile, 6 h reaction time. 
b
 Calcined under air for 5 h. 
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6.3.2 Effect of the amount of niobium oxide catalyst on Prins condensation 
The effect of varying the content of Nb2O5 catalyst was studied in the Prins reaction to 
produce nopol using 20 mmol acetonitrile solvent, 5 mmol β-pinene and 10 mmol 
paraformaldehyde for 6 h at 80°C. Weights of 100 mg and 200 mg of catalyst calcined 
at 400 °C were used. Figure 6.5 shows that β-pinene conversion increased with 
increasing the amount of catalyst as expected. Similar result was observed when 
niobium oxide was calcined at 110
 
°C and used under the same conditions.  
 
Figure 6.5 Effect of the amount of Nb2O5 catalyst calcined at 400 °C on Prins 
condensation, using 100 and 200 mg of catalyst, 10 mmol paraformaldehyde, 5 mmol β-
pinene, 5 mL acetonitrile solvent, 6 h reaction time. 
 
 6.4 The effect of reaction time  
Figure 6.6 shows the time course for Prins condensation of β-pinene in the presence of 
the supported 20% Zn-Cr (1:6)/SiO2 catalyst and the bulk Cr2O3 and Zn-Cr (1:6) oxides 
using 500 mg of catalyst, 5 mmol β-pinene, 30 mmol paraformaldehyde and 5 ml 
acetonitrile at 80 °C. It can be seen that the reaction was almost complete in 2 h, 
followed by a rather slow increase in conversion afterwards. Nb2O5 was the most active 
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amongst these catalysts giving 100% β-pinene conversion in 4 h. However, it was less 
selective than Cr2O3 and Zn-Cr.  
 
 
 
 
 
 
 
 
 
 
 
Fig 6.6 Conversion of β-pinene versus time (80 °C, 500 mg catalyst, 5 mmol β-pinene, 
30 mmol paraformaldehyde, 5 mL acetonitrile). Catalyst pre-treatment: Cr2O3 and Zn-
Cr (1:6) were calcined at 300 °C in N2 for 5 h, 20% Zn-Cr (1:6)/SiO2 at 400 °C in N2 for 
5 h and Nb2O5 at 110 °C in air for 3 h. 
 
 
In terms of the nopol yield Zn-Cr (1:6) was best (97%), followed by 20%Zn-Cr 
(1:6)/SiO2 (94%), Cr2O3 (92%) and Nb2O5 (88%) in 10 h reaction time. The Zn-Cr 
oxide is on a par with the best heterogeneous catalysts reported so far.
7-12
 On top of that, 
it has the advantage of being an inexpensive robust material which is easy to prepare 
and handle. Zn-Cr (1:6) oxide showed higher activity than either supported catalyst or 
pure chromium oxide. It achieved 97% of conversion and 100% of selectivity.  
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Fig 6.7 Yield of nopol versus time (80 °C, 500 mg catalyst, 5 mmol β-pinene, 30 mmol 
paraformaldehyde, 5 ml acetonitrile). Catalyst pre-treatment: Cr2O3 and Zn-Cr (1:6) 
were calcined at 300 °C in N2 for 5 h, 20% Zn-Cr (1:6)/SiO2 at 400 °C in N2 for 5 h and 
Nb2O5 at 110 °C in air for 3 h. 
 
6.5 Reusability study 
After the completion of the reaction, the oxide catalysts were easy to recover by 
filtration and reused. Their performance upon reuse depended on catalyst treatment. 
Even a minor treatment of the recovered Zn-Cr (1:6) oxide by washing with warm 
ethanol and drying in an oven at 110 
o
C for 4 h allowed sufficient catalyst recycling, 
with a decrease in conversion from 93 to 61% at constant nopol selectivity of 100% in 
four successive reaction runs (Figure 6.8). Washing the catalyst with acetonitrile 
followed by heating at 300 
o
C under N2 flow for 5 h led to better catalyst recyling, with 
a small decrease in nopol yield from 93 to 75% in four runs (Figure 6.9). The decrease 
in yield was probably due to catalyst loss during filtration. Catalyst leaching during 
nopol synthesis was negligible as determined from the inductively coupled plasma 
analysis (0.003% loss of Cr and 0.07% Zn in the filtrate). Further improvement in the 
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catalyst recycling may be possible. Unreacted paraformaldehyde could also be 
recovered and recycled. 
 
 
Fig 6.8 Reuse of Zn-Cr (1:6) catalyst in the synthesis of nopol (80 °C, 0.50 g catalyst, 
5.0 mmol β-pinene, 30 mmol paraformaldehyde, 5.0 ml acetonitrile, 4 h reaction time), 
with used catalyst washed in warm ethanol and dried in an oven at 110 °C for 4 h. 
 
 
 
 
 
 
 
 
 
Fig 6.9 Reuse of Zn-Cr (1:6) catalyst in the synthesis of nopol (80 °C, 0.50 g catalyst, 
5 mmol β-pinene, 30 mmol paraformaldehyde, 5 ml acetonitrile, 4 h reaction time), with 
used catalyst washed in acetonitrile followed by heating at 300 °C under N2 for 5 h. 
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6.6 Reaction mechanism 
A plausible mechanism of nopol synthesis through Prins condensation (Equation 6.1) is 
shown in Scheme 6.1.
26
 This mechanism involves protonation of the aldehyde followed 
by attack on the methylene group of β-pinene, which forms a β-hydroxyl carbocation 
intermediate. In the absence of a competing nucleophile, which is the case in our 
system, this carbocation undergoes proton elimination to yield nopol. With excess of 
aldehyde in a homogeneous system, the β-hydroxyl carbocation would add another 
aldehyde molecule to form 1,3-dioxane.
26
 No such product was observed in our case 
even with a sixfold excess of paraformaldehyde over β-pinene, which indicates that the 
formation of 1,3-dioxane on the surface of solid acid catalysts is not feasible, probably 
owing to steric constraints. The reaction therefore involves both protonation and 
deprotonation and is thus subject to acid and base catalysis. This reaction can be 
performed effectively with certain metal oxides possessing both acid (Brønsted and 
Lewis) sites and base sites and can thus act as bifunctional acid–base catalysts.27 Zn-Cr 
mixed oxide possesses the required acid–base properties (Chapter 3, Table 3.6 and 
Figure 3.29). The high catalytic activity of Zn-Cr oxide in nopol synthesis is related to 
an appropriate combination of its Brønsted and Lewis acidity and basicity. It can be 
hypothesised that strong Lewis acid sites in Zn-Cr oxide act as adsorption centres for 
the reactants whereas relatively mild neighbouring Brønsted acid sites and base sites 
selectively affect Prins condensation (Equation 6.1) in a concerted way by protonating 
the aldehyde and deprotonating the β-hydroxyl carbocation, respectively (Scheme 6.1). 
In this regard, the addition of Zn
II
 to Cr2O3 could increase the basicity of the catalyst, 
which would enhance proton elimination from the β-hydroxyl carbocation. ZnII oxide is 
practically inactive in the reaction owing to the lack of Brønsted acidity in it (Figure 
3.29). In contrast, Nb2O5 has predominantly Brønsted acidity, which appears to be quite 
204 
 
strong (Table 3.6). This property could increase its catalytic activity but could also lead 
to side reactions (e.g., isomerisation and oligomerisation of β-pinene and nopol), which 
impairs its selectivity towards nopol (Table 6.4). Similarly, the use of zeolites 
possessing strong Brønsted acidity for the synthesis of nopol has resulted in the 
formation of isomerised products.
28
 However, the acid properties of the catalysts were 
measured at the gas–solid interface (by using the DRIFT spectroscopy of adsorbed 
pyridine and ammonia adsorption calorimetry) whereas the reaction was performed in 
the liquid phase in a polar and slightly basic acetonitrile, which levelled off the acidity 
of the catalysts. Therefore, in the reaction system, the difference in the acidity of the 
catalysts is likely to be less than that in the gas–solid system and thus the small effect of 
catalyst acidity on the reaction, as can be observed from Tables 6.1 and 6.4 and Figures 
6.6 and 6.7. 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 6.1 Proposed mechanism of the synthesis of nopol by Prins condensation of β-
pinene and formaldehyde. 
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6.7 Conclusions 
In this study, the Prins reaction was catalysed by Cr2O3, ZnO and a series of Zn-Cr 
mixed oxides with varying Zn/Cr atomic ratios prepared by co-precipitation of Zn
II
 and 
Cr
III
 hydroxides. The Zn-Cr (1:6) catalyst was supported on Al2O3, TiO2 and SiO2 using 
the impregnation method. Cr-rich catalysts showed good activity in the Prins reaction to 
obtain nopol. The most active catalyst was Zn-Cr (1:6), which showed very high 
conversion and 100% selectivity. Reaction conditions varied in this study included 
temperature, amount of solvent and the ratio between substrates. Increasing the 
temperature and the β-pinene/paraformaldehyde molar ratio led to increase catalyst 
activity, while selectivity remained constant. The nopol yield also increased with 
reaction time and the amount of catalyst. With a 6:1 molar ratio of paraformaldehyde to 
β-pinene, the Zn-Cr (1:6) catalyst gave 97% β-pinene conversion at 100% nopol 
selectivity. Pure Al2O3 and TiO2 oxides were active in the reaction, but silica was not. 
The Zn-Cr (1:6) catalyst supported on silica had excellent performance as well as bulk 
catalyst oxide per total catalyst weight, giving a 94 % nopol yield. After reaction, the 
catalyst was recoverable by washing with ethanol or acetonitrile solvents and heat 
treatment. Zn-Cr (1:6) can be reused at least four times.  
Niobium oxide was also used to catalyse the Prins reaction. This catalyst has been found 
to possess stronger Brønsted acidity than Zn-Cr oxide which decreased with increasing 
the calcination temperature. The catalysts were calcined at different temperatures at 110 
to 500 
o
C.  The catalyst calcined at 110 °C gave the best results for conversion of β-
pinene and nopol selectivity. Niobium oxide gave 88% of nopol selectivity at 100% 
conversation for 6 h reaction time.  
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We have demonstrated that the readily available and easy-to-handle Zn-Cr (1:6) mixed 
oxide is a highly active and recyclable heterogeneous catalyst for the clean, high-
yielding synthesis of nopol by Prins condensation of β-pinene with paraformaldehyde. 
An appropriate combination of acid-base properties of the Zn-Cr oxide is thought to be 
responsible for its effectiveness. Catalysts were characterised by DRIFT spectroscopy 
of adsorbed pyridine and ammonia adsorption microcalorimetry. The results show that 
ZnO, Cr2O3 and Zn-Cr (1:6) oxides had Lewis acid sites, and Zn-Cr (1:6) and Cr2O3 had 
also Brønsted acid sites which are required for the synthesis of nopol.  
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Chapter 7  
Conclusions 
 
 
The conversion of biomass has been known for several decades, having begun with the 
production of fuels and chemicals from wood biomass in the mid-1970s. This process is 
important economically, environmentally, academically and industrially, allowing the 
sustainable and renewable production of energy from biomass sources and the 
derivation of high-valued products from natural feedstock. One such method of 
obtaining fuels and chemicals is the fast pyrolysis of biomass material.  
 Thus, a modern equivalent of the traditional use of fossil fuels is the increasingly 
feasible sourcing of heat, power and liquid fuels from the process of biomass 
conversion. For example, biofuels produced in this way have been shown to emit far 
less harmful greenhouse gases into the Earth’s atmosphere than conventional fossil 
fuels. The energy sourced from biomass is based on sustainable carbon with many 
environmental and socioeconomic benefits. To utilise a biomass-derived energy supply 
as a fuel, compounds are formed by fast pyrolysis, bio-oil, containing a mixture of 
oxygenated compounds, must first be upgraded or reformed in a ketonisation (or ketonic 
decarboxylation) reaction.  
      Oil is the world’s primary source of energy and chemicals with a current demand of 
about 12 million tonnes per day (84 million barrels a day) with a projection to increase 
to 16 million tonnes per day (116 million barrels a day) by 2030. While 30% of the 
global oil consumption accounts for transportation fuels at present, it is strikingly 
expected to increase to 60% by 2030. 
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      Renewable biofuels are needed to displace petroleum derived transportation fuels, 
which contribute to global warming and are of limited availability. Biodiesel and 
bioethanol are the two potential renewable fuels that have attracted the most attention. 
However, biodiesel and bioethanol produced from agricultural crops using existing 
methods cannot sustainably replace fossil-based transportation fuels. In general, 
increased demand for biofuels has caused the prices of agricultural commodities used as 
feedstocks and other competing crops to increase because of the direct impact of 
biofuels production on agricultural commodities and markets, with implications for food 
prices and allocations of rural agricultural land.  There is an alternative, however, which 
is biodiesel from microalgae. This biodiesel seems to be the only renewable biofuel that 
has the potential to completely displace petroleum-derived transport fuels without 
adversely affecting supply of food and other crop products. Most productive oil crops, 
such as oil palm, do not come close to microalgae in being able to sustainably provide 
the necessary amounts of biodiesel. Similarly, bioethanol from sugarcane is no match 
for microalgal biodiesel.  
     First generation biodiesel is currently the most common biofuel in Europe. It remains 
in the political and economic arena and is playing a part in the biofuels expanding 
process as the awareness of alternative fuel spreads among the general public. In 2007, 
19 biodiesel plants started operations or were under construction/planning in the new 
EU member states. Relatively large plants can be found in Lithuania, Poland and 
Romania, with capacities of 100 000 tonnes/year.  
      Europe has been involved in direct production of liquid fuels from biomass for over 
two decades. Prior to 1989, the only European plant was a conventional slow pyrolysis 
demonstration plant of 500 kg/h operating in Italy for liquid and char production to 
yield approximately 25% of each. Also Bio-Alternative in Switzerland was operating a 
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fixed bed carbonisation pilot plant fed with wood and waste for charcoal production 
yielding 20% of secondary liquids as a by-product. Tests carried out on combustion of 
these oils served to foster interest in direct production of liquids from biomass in 
atmospheric processes. This also revealed a poor liquid quality and low product yields. 
In 1993, a 200 kg/h fast pyrolysis pilot plant based on the University of Waterloo 
(Canada) process was launched in Spain by Union Fenosa. In 1991 – 1992, Egemin 
(Belgium) designed and operated a 200 kg/h capacity entrained down bio-oil pilot plant. 
ENEL purchased a 15 t/d Ensyn RTP3 pilot plant to produce bio-oils for testing which 
was installed in Italy in 1996. The inclusion of fast pyrolysis in the 4th Non Fossil Fuel 
Obligation (NFFO) tranche in the UK in 1996 served to strengthen awareness of this 
technology and boosted interest in it Europe.  
      In North America a number of commercial and demonstration plants for fast 
pyrolysis have been operating at a scale of up to 2000 kg/h. Ensyn (Canada) are 
marketing commercial fast pyrolysis plants of up to 10 t/h throughput. Two plants of 
around 1 t/h capacity are operated in the USA for food edditives production which is 
still the only commercial application for fast pyrolysis. Castle Capital have acquired the 
Continuous Ablative Reaction (CAR) process and were operating a 1-2 t/h plant in 
Canada until 1996. The second generation 1360 kg/h Interchem demonstration plant in 
Kansas is based on the NREL vortex ablative pyrolysis process.  
      The UK currently has a total biofuel production capacity of over 1,500 million litres 
per year. Figure 1 shows the larger scale commercial biofuel plants in the UK, 
indicating both operational and planned plants. Bioethanol projects have been slower to 
develop with the UK’s first bioethanol plant being commissioned by British Sugar in 
2007. This plant remained the UK’s only bioethanol plant for three years until had been 
complemented by two very large bioethanol plants (Ensus in 2010 and Vivergo in 
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2013), significantly increasing the overall bioethanol capacity in the UK, with a third 
plant (Vireol) planned for 2016. Therefore, bioethanol capacity represents the larger 
share in the UK biofuel industry.  
 
 
 
 
 
 
 
 
 
 
Figure 7.1 Commercial-scale bioethanol and biodiesel production in the United 
Kingdom. 
 
 
     Several biodiesel initiatives were planned in the UK in recent years, but did not 
result in actual projects. These include a 255 million litre plant in South West England 
proposed by ABS Biodiesel running on virgin and waste oils and a 204 million litre 
plant in North Tyneside proposed by Goes on Green running on yellow grease (both 
planned for 2011). UK bioethanol production has also been significantly lower than 
production capacity since 2009, particularly in 2011 and 2012 when utilisation was only 
6% and 17% respectively. 
 The upgrading of bio-oil is thus a crucial step in the derivation of hydrocarbon fuels 
from biomass. Notably, highly reactive and corrosive small-chain carboxylic acids are 
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removed during the process, halting detrimental side reactions and complications during 
the transportation and storage of the mixture. Among the products obtained are ketones 
possessing an increased length of carbon chain, useful, for instance, as chemical 
building blocks to produce hydrocarbons for transportation fuels from C–C coupling 
and hydrodeoxygenation reactions. Among the compounds widely used in chemical 
synthesis are acetic, propionic and pentanoic acids, which can be seen as model bio-oil 
compounds. These undergo the aforementioned ketonisation reaction to produce the 
symmetrical ketones acetone, 3-pentanone and 5-nonanone, as shown in the following 
equation. 
2 RCOOH               R2CO + H2O + CO2 
 Recently, the process of producing fuels and chemicals from renewable biomass 
feedstocks in both gas and liquid phases has become a major challenge across the world. 
In the conversion of vegetable oils, wood oils, waste cooking oils and animal fats to 
produce biofuels, it is necessary to reduce the viscosity of the liquid biomass and 
enhance its stability using catalysed deoxygenation reactions. This process reduces or 
removes the effective oxygen atoms in these organic compounds in the form of carbon 
monoxide or carbon dioxide.  
 Organic acids are important as platform molecules in such biomass transformation 
processes. Carboxylic acids are readily available from natural sources and are attractive 
as renewable raw materials for the production of value-added chemicals and biofuel 
components. For fuel applications, carboxylic acids require reduction in their oxygen 
content. Therefore, much recent research has focused on their deoxygenation using 
heterogeneous catalysis. In this study, acetic, propionic and pentanoic acids were chosen 
as representative of carboxylic acids with six or fewer carbon atoms, derived from 
carbohydrate feedstock. 
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 Nopol is an optically active bicyclic primary alcohol used in the agrochemical 
industry to produce pesticides and also in soap fragrances, detergents and other 
household products, due to its balsamic odour. It is generally produced by the Prins 
condensation of β-pinene and paraformaldehyde using homogeneous acid catalysts. 
Recently, catalysts of many kinds, such as metal oxides and zeolites, have been found to 
produce good yields of nopol in the liquid phase reaction.  
 The aim of this study was to investigate the gas phase ketonisation of carboxylic 
acids to form ketones in a fixed-bed continuous flow reactor and the liquid phase Prins 
condensation reaction using heterogeneous catalysts. The project achieved the following 
three main objectives:    
1. Amorphous silica and crystalline silicalite were used to catalyse the 
ketonisation of propionic acid in the temperature range of 300-550 °C. 
2. Others catalysts, such as pure zinc and chromium oxides, a series of mixtures of 
zinc and chromium oxides and their supported catalysts, were tested in the 
ketonisation of carboxylic acids at temperatures from 350 to 450 °C. 
3. The liquid phase condensation of β-pinene to produce nopol as the main product 
using metal oxide catalysts such as Zn-Cr and Nb2O5 was investigated under a 
variety of conditions. The parameters which were varied included temperature, 
amount of catalyst, substrate ratio and type of solvent.  
 
 The catalysts used included commercial silica. Silicalite was prepared and calcined 
according to procedures described in the literature. It was modified by acid and base 
aqueous solutions and characterised by various techniques. The surface area and 
porosity of fresh and spent catalysts were characterised by the N2 physisorption method 
and the results showed that the chemical treatment did not affect the texture of the 
216 
 
catalysts, i.e. their surface area, pore diameter or pore volume. The XRD pattern of our 
silicalite sample was measured and found to match the authentic materials. We also 
noted no change in the catalyst patterns after modification by acid or base treatments.   
 In order to investigate their active sites, silica and silicalite catalysts were 
characterised by DRIFT spectroscopy. The results gave important information about 
active sites in the ketonisation of propionic acid in the gas phase. It can be concluded 
that basic modification generated silanol nests in the silicalite catalysts and enhanced 
their performance in the ketonisation reaction, but that the treatment had no effect on 
the silica. In other words, silanol nests were created on the crystalline silicalite but not 
on the amorphous silica.  
 The reaction was first carried out using a wide range of amorphous silica catalysts. 
At 500 °C, these showed very good (85%) selectivity of 3-pentanone at 39% conversion 
of propionic acid. However, their modification by acid and base solutions had no impact 
on their activity or selectivity, so research continued in an attempt to improve catalytic 
performance and reactivity.  
 Crystalline materials such as HZSM-5 and silicalite were next tested in the 
ketonisation of propionic acid. HZSM-5 was found to have very low ketonisation 
activity at low temperature. Increasing the temperature increased the conversion of acid, 
but the main products were hydrocarbons, predominantly ethene. Better results were 
obtained with silicalite, which showed excellent catalytic activity in the ketonisation of 
propionic acid. When the silicalite catalyst was chemically treated using different 
concentrations of hydrochloric acid, ammonia and ammonium nitrate, it was found that 
the acidic treatment had little effect on activity and selectivity, whereas basic treatment 
strongly affected ketonisation selectivity. The selectivity of 3-pentanone was 92% with 
84% conversion at 500 °C, while increasing the temperature to 550 °C reduced 
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selectivity to 65% with 92% conversion. Silicalite catalysts were stable for at least 28 
hours time on stream at 500 °C, but activity was slightly reduced at 20 h TOS. This 
slight deactivation may have been caused by the deposition of coke on the catalyst 
surface during the reaction. 
 A number of other catalysts were tested in the ketonisation of propionic and acetic 
acids. The catalysts used in this part of the project were pure zinc and chromium oxides, 
various mixtures of zinc and chromium oxides, and zinc and chromium mixed oxides 
supported on Al2O3, SiO2 and TiO2. The co-precipitation method was used to prepare 
the bulk metal and mixed metal oxide catalysts, while the supported catalysts were 
prepared by co-impregnation.  
 Preliminary experiments in the ketonisation of acetic, propionic and pentanoic acids 
were conducted to test the effects on catalyst performance of using pure zinc and 
chromium oxides and of varying the Zn/Cr atomic ratio. Zn-Cr (10:1) oxide with 43 m
2
 
g
-1
 surface area and 90.3 Å pore size showed the best performance, significantly 
exceeding that of the parent oxides ZnO and Cr2O3. At 330 °C and 20 ml min
-1 
of N2 
flow, the yield of 3-pentanone was 44 % achieved by using Zn-Cr (10:1) oxide as a 
catalyst. The 3-pentanone yield was increased to 70% at 350 
o
C. Pure oxide was found 
to be less active, while conversion decreased as the zinc or chromium content of the 
mixed oxide catalysts was increased. The results also showed the profound effect of 
temperature on catalysed reactions: propionic acid conversion increased with increasing 
temperature at 350 and 400 °C. At 380 °C, Zn-Cr (10:1) showed good activity: 98% 
conversion and 94% selectivity to 3-pentanone, which was a higher yield than any other 
catalyst. It also showed excellent stability for at least 18 h TOS with no deactivation 
being observed. Conversion of propionic acid increased with reaction temperature, 
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reaching 100% at 450 °C, but at this temperature the selectivity of 3-pentanone dropped 
to 78%.  
 Catalysts comprising 20 wt% of mixed oxides supported on SiO2, Al2O3 and TiO2 
were tested in the ketonisation of propionic acid in the range of temperatures between 
350 and 400
 
°C. Pure supports were active and the order of activity was TiO2 > Al2O3 > 
SiO2, in agreement with published reports. The Zn-Cr mixed oxide catalyst supported 
on Al2O3 and TiO2 had enhanced activity compared with SiO2, which had a higher 
surface area. The reason for this is that when the oxides are deposited on the supports, 
their dispersion increases and their acidic functions are incorporated into the interface of 
the oxides’ basic sites. 20% Zn-Cr (10:1)/Al2O3 had the highest yield of 3-pentanone at 
380 °C. Its performance was also stable at this temperature for at least 24 h TOS with 
no reduction in the conversion of propionic acid or 3-pentanone selectivity during the 
reaction.  
     TiO2 catalyst showed moderate activity at higher temperatures 350-400 
o
C. 
However, this catalyst gave only 60% selectivity to 3-pentanone at 380 
o
C. In contrast, 
Zn-Cr (10:1) gave 94% 3-pentanone selectivity at 98 % conversion of propionic acid. 
At lower temperature 330 
o
C, Zn-Cr (10:1) was still active, whereas TiO2 was 
practically inactive.   
 Mixed zinc-chromium oxides were also found to be active catalysts of the 
ketonisation of acetic acid to form acetone as the main product, at temperatures of 300, 
350, 380 and 400
 
°C. Zn-Cr (10:1) was again the most active and selective catalyst, 
yielding 86% of acetone (100% selectivity of acetone at 86% conversion of acetic acid) 
after an average of 4 h TOS at 350 °C. The selectivity of acetone decreased slightly with 
increasing temperature between 380 and 400
 
°C.  
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 The ketonisation of pentanoic acid was studied over Zn-Cr (10:1) in the temperature 
range of 350-400 °C, using 0.2 g of catalyst at 20 ml min
-1
 of N2 flow and 2 vol% of 
acid. As temperature increased, pentanoic acid conversion also increased, but selectivity 
decreased. At 350 °C, 5-nonanone selectivity was 66%, dropping sharply to 18% at 400 
°C.  
 The texture of Zn-Cr oxides was characterised by N2 physisorption. The BET surface 
areas of fresh Cr-rich oxides increased significantly as the Cr content increased. The 
amorphous Cr-rich oxides had larger surface areas and pore volumes, but smaller 
average pore diameters than the crystalline Zn-rich oxides.  
 X-ray diffraction pattern of the catalysts showed that their crystallinity depended on 
the calcination temperature and the Zn/Cr ratio: Cr-rich catalysts such as Cr2O3, Zn-Cr 
(1:1) and Zn-Cr (1:6) were amorphous, whereas ZnO and Zn-rich mixed oxides, Zn-Cr 
(10:1), (20:1) and (30:1), were crystalline. When the Zn-Cr (1:6) catalyst was calcined 
at 400 ºC, a clear pattern of chromium oxide as a crystalline phase and zinc chromate 
spinel was observed. It was also found that with increasing calcination temperature the 
catalyst became crystalline and the peaks of intensity became stronger, consistent with 
reports in the literature.   
 The Brønsted or Lewis nature of acid sites was determined by FTIR spectroscopy of 
adsorbed pyridine. All chromium oxide, zinc oxide and mixed Zn-Cr oxide catalysts 
had Lewis acid sites as indicated by the band at 1450 cm
-1
 in their FTIR spectra, while 
Cr2O3 and Zn-Cr (1:6) oxide possessed both Brønsted and Lewis acid sites, as 
evidenced by FTIR bands at 1540 cm
-1
. The strength of acid sites was measured by 
ammonia adsorption microcalorimetry to determine the differential enthalpy of 
ammonia adsorption at zero coverage. The acid strength of Zn-Cr oxide catalysts, 
possessing mainly Lewis acid sites, increased significantly with increasing Cr content 
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and the ΔH values were found to be -127 to -193 kJ mol-1, representing the strength of 
Lewis acid sites in Zn-Cr oxides. Zn-Cr (10:1) oxide had a ratio of acid site densities 
B/L = 0.07 and a differential enthalpy of ammonia adsorption ΔH = -150 kJ mol-1. The 
high ketonisation efficiency of Zn-Cr (10:1) oxide may be ascribed to an appropriate 
combination of its acid-base properties.  
 Finally, Zn-Cr mixed oxides and niobium oxides were studied as catalysts of the 
Prins condensation of β-pinene to form nopol as the main product. When the reaction 
conditions were varied, the amount of solvent, the amount of catalyst, the temperature 
and the ratio of paraformaldehyde to β-pinene were all found to affect catalyst 
performance. 100 mg of Zn-Cr (1:6) gave 100% of nopol selectivity at 42% of β-pinene 
conversion at 80 °C, with molar ratio of β-pinene to paraformaldehyde of 1:2, using 
acetonitrile as solvent, and 6 h reaction time.  
 Further significant improvements were obtained by supporting 20% Zn-Cr (1:6) 
oxide on silica: the supported catalyst showed 100% selectivity of nopol at 94% 
β-pinene conversion at 80 °C, 500 mg of catalyst, a 1:6 ratio of β-pinene and 
paraformaldehyde and 6 h reaction time. The catalyst was also easy to recover and 
recycle, by filtration and washing in warm ethanol, acetonitrile or water. The reuse 
performance depended on the treatment, with the best result being obtained when the 
catalyst was washed in acetonitrile and dried at 300 °C under N2 for 5 h.   
 Niobium oxide catalyst was prepared and characterised by various techniques. They 
were calcined at temperatures from 110 to 500 °C and their surface area was found to 
decrease with increasing calcination temperature. All of the catalysts had both Brønsted 
and Lewis acid sites, with the amount of proton sites decreasing as calcination 
temperature increased. Ammonia adsorption microcalorimetry revealed ΔH values in 
the range -115 to -129 kJ mol
-1
. When the niobium oxide catalysts calcined at different 
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temperatures were tested in the Prins condensation reaction under the same conditions 
as the Zn-Cr (1:6) oxide catalyst, the selectivity of nopol was found to be stable, but 
conversion decreased with increasing calcination temperature. The conversion of β-
pinene decreased in the order Nb2O5 (110 °C) > Nb2O5 (200 °C) > Nb2O5 (300 °C) > 
Nb2O5 (400 °C) > Nb2O5 (500 °C).  
 
Future work on acid ketonisation over Zn-Cr oxide catalysts may be focussed on the 
following issues: 
1. Further characterisation of bulk and supported Zn-Cr oxide catalysts, especially 
the characterisation of their acid and base properties. 
2. Kinetics and mechanism of ketonisation reaction. 
3. Modification of Zn-Cr oxide by adding a third component (e.g. Ce(IV), Mn(III), 
etc.). 
4. Ketonisation of longer-chain fatty acids in the liquid phase. 
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